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ABSTRACT 
The National Interim Energy Consumption Survey (NIECS) and the 
Pacific Northwest Residential Energy Survey (PNW) are clustered random 
samples of households interviewed between 1978 and 1980, These 
surveys report household equipment holdings and energy consumption 
levels by fuel, as well as selected household and dwelling 
characteristics. To study the economic determinants of equipment and 
usage behavior, it is necessary to first describe the economic 
environment in which behavior is determined. This technical report 
carries out the construction of heating-ventilating-air conditioning 
(BVAC) physical characteristics and costs for the alternative systems 
available to single-family owner-occupied households, 
The approach of this report is to construct a very simple 
thermal model of representative dwellings with characteristics 
corresponding to those available in typical energy survey data. This 
model is used to estimate heating and cooling capacity requirements, 
energy usage, and physical characteristics, for households in the 
(NIECS) and (PNW) surveys. Cost data from Means (1981) are then used 
to estimate the capital and operating costs of 19 alternative BVAC 
configurations for the actual thermal integrity of the building shell 
and for two alternative thermal standards, 
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A HEATING AND COOLING LOAD MODFL FOR SINGLE-FAMILY 
DETACHED DWELLINGS IN ENERGY SURVEY DATAl 
1. Introduction 
Jeffrey A. Dubin 
California Institute of Technology 
and 
Daniel L. McFadden 
Massachusetts Institute of Technology 
The National Interim Energy Consumption Survey (NIECS) and the 
Pacific Northwest Residential Energy Survey (PNW) are clustered random 
samples of holll eholds interviewed between 197 8 and 1 98 0. These survey 
were designed to report household equipment holdings and energy 
consumption by fuel, as well as selected household and dwelling 
characteristics. To study the economic determinants of equipment and 
usage behavior, it is necessary to first describe the economic 
environment in which behavior is determined, This technical report 
carries out the construction of heating-ventilating-air conditioning 
(HVAC) physical characteristics and costs for alternative systems 
available to single-family owner-occupied households, 
The approach of this report is to construct a very simple 
thermal model of representative dwellings with characteristics 
corresponding to those available in typical energy survey data. This 
model is used to estimate heating and cooling capacity requirements, 
energy usage, and physical characteristics for households in the 
(NIECS) and (PNW) surveys. Cost data from Means ( 1 98 1 )  are then used 
to estimate the capital and operating costs of 1 9  alternative HVAC 
2 
configurations for the actual thermal integrity of the building shell 
and for two alternative thermal standards. 
2 .  Thermal Modeling Principles 
Heating and cooling system design capacities of a dwelling are 
determined by the rates of heat transfer between the interior and 
exterior under extreme weather conditions. Conduction and 
infiltration are the dominant modes of transfer in winter: radiation 
is also important in summer, Heating capacity calculations normally 
assume steady state thermal conditions, while cooling calculations 
take account of inertial (flywheel) effects, 
The approach to capacity calculation adopted here follows 
engineering practice, as detailed in ASHRAE ( 1 97 7. 1 97 8, 1 97 9 ) ,  
Anderson ( 1 97 3 ) ,  Khashab ( 197 7 ) , Streeter ( 1 96 6 ) .  Application of 
these principles to the (NIECS) and (PNW) households requires a number 
of assumptions and model simplifications due to incomplete data on 
dwelling characteristics, 
A dwelling may be pictured as a box with walls of vary ing 
thermal resistances to conduction of heat, as depicted in Figure 1. 
The net heat loss by conduction from the dwelling in Btuh is the sum 
of the loss through each area, which equals the area times the 
temperature differential divided by the resistance (measured in sq. 
ft, x deg f/Btuh) : 
(1) Net conduction heat loss = Ai. (Ti-Te) + Az (Ti-Te) I\ � 
"3 (Ti-T ) A (T -T ) + e + -4 __ i 1t 
� R4 
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[Fi gure 1 and 2 here] 
This f ormula om i ts boundary ef fects due to the exteri or temperature 
gradi ent near the ground surf ace and at the i nterf ace of surf aces with 
di f f erent resi stances. In practi ce. these effects are usually small 
and can be neglected. When a correcti on i s  requi red, it can be 
calculated usi ng elementary ci rcui t theory. The method i s  i llustrated 
i n  Figure 2 for the example of a wall in a heated basement which has 
an exterior temperature gradi ent. The wall can be represented by a 
network of nodes connected by conduc tors with resistances equal to the 
thermal resistances of the i nterveni ng materi al, The accuracy of the 
calculati on i s  i ncreased by increasi ng the number of nodes, In the 
example. 11_ and Ri are resistances of wall material from the dwelling 
i n.terior to th<11 wall center and f rom the wall center to the exterior, 
while Ri is a resistance to verti cal conducti on, Heat f low along a 
link equals the temperature di f f erence between the link nodes ti mes 
the cross-secti on area represented by the link, divided by the 
resistance of the link. In thermal equilibrium, net heat f low into an 
i nteri or node i s  zero, These condi ti ons plus the i nteri or and 
n:terior tempe:ratures define a system of linear equati ons i n  the node 
temperatures and link heat f lows, In the example, these equations are 
(2) 
-1 -1 -1 Rl +>.R.7 + R2 
- >.R7 -1 
0 
-AR -1 7 
-1 -1 -1 -1 R3 + R4 +>.R7 +>.R8 
0 
->.R8 
-1 
->.R.8 
-1 R -1-+R -l+AR -1 5 6 8 
Ti-Tl' 
-1 
R2 (Ti-Tl) 
Ti-T2' 
-1 .. R4 (Ti-T2) 
T 1-T) I -1 R6 (Ti-T3) 
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where the cross-secti on areas associ ated wi th � and R6 are assumed to 
equal 1 and the cross-section areas associ ated with R., and � are 
assumed to equal A. Then 
(3) 1 H = 3 (wall area) 
• • 
Ti-Tl Ti-T2 (-- + -- + � � 
, 
T -T3 �i-) � 
is the heat loss through the wall. 
ASHRAE (1977, Chap, 22) provides data on the resi stances of 
various constructi on materi als. These permi t calculation of 
resi stances of standard constructi on. The NIECS/ PNW data do not 
i ndi cate type of wall construction, whether the roof is pi tched, 
whether there i s  a basement, or whether walls and roof are light or 
dark. For purposes of esti mati ng desi gn capaciti es, we therefore make 
the f ollowing assumpti ons: 
1 .  Exteri or walls are of standard f rame constructi on with 
exteri or wood sidi ng. 
2 .  The dwelling has a pi tched roof wi th an unheated atti c with 
natural venti lati on. 
3. There i s  an unheated basement which i s  pri mari ly below 
grade. 
4, Roof and walls are dark i n  color. 
It should be noted that vari ati ons i n  constructi on will cause 
substanti al vari ati ons i n  the thermal perf ormance of dwellings. 
Hence, the model developed here should not be expected to predict 
preci sely dwelling to dwelling vari ati ons i n  thermal performance, even 
f or dwellings sati sfying the f our assumpti ons above. On the other 
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hand, constructi on standards tend to compensate for di fferences i n  
resi stance which would tend to arise i n  dwellings w hich do not fit 
these assumpti ons. For example, constructi on standards for flat roofs 
generally call for i nsulati on between roofing and sheathing w hich 
offsets the loss of  resi stance provided by an atti c. Si milarly, 
masonery walls with lower resistance than frame are normally more 
heavily i nsulated, as are slab floors i n  comparison w i th constructi on 
over an 11nheated basement. Consequently, we do not expect resi stance 
calculations based o n  the assumpti ons above to be systematically 
biesed for alternati ve types of constructi on. 
[Tables 1, 2 ,  3 ,  and 4 here] 
Table 1 gi ves the resi stance of standard frame exteri or wall 
constructi on, Table 2 gi ves the resi stance of ceH ing and roof for 
flat and pi tched roofs. A later analysis i ncorporati ng the effects of 
solar radi ati on will combi ne these resi stances into a si ngle 
off ecti ve coi ling-roof resi stance. Table 3 gi ves the resi stance of 
glass, excludi ng radi ati on effects. Table 4 gi ves floor resi stance. 
Winter Heating .Load 
The combi ned resistance of cei ling, atti c, and roof is 
calculated as follows: I n  w inter, thermal equilibrium requi res 
A 
(4) 0 - ,f 
r 
A A 
( t -t ) - .-!! ( t -t ) + --" ( t - t ) a e R 11 e R i a ' w c 
where ta i s  atti c temperature, Ac' Ar' Aw are cei ling, roof, and atti c 
wall areas, and Rc' Rr' Rw are resi stances. Then 
(5) ti-ta 
A A 
(__!'. + __!'.) (t -t ) R R i e r w 
A A A 
--.!<+_!'.+--!'. R R R c r w 
so the net cei ling heat flux i s  
J1 = ( 6 )  A 
c 
Ar 1 Aw 1 
<;: R" +A" R"> t. - t c r c w 1 e 
A R A R (ti - te) = -R-
(l + J --" + -1! J) eff A R A R c r c w 
<") 
For a sample of si x representati ve dwellings with pi tched roofs, the 
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average value of A /A i s  1.1 2 and the average value of A /A i s  0.08. r c w c 
These are used along w i th the resistances i n  Table 2 to calculate the 
effecti ve winter cei ling resistance for a dwelling with an attic, 
( 7 )  Reff 
R c i + 1. 12 "R + 
Rc 0.08 R" 
r 
1 1.1 2  R + r 
1 0.08 "R 
w 
w 3,416 + 1.0 3 1 I 
0. 9276 + 0.0 165 1· 
A fi rst order Taylor's expansi on of ( 7 ) about I= 3 gi ves the 
approxi mation 
( 8 )  Reff 3 .83 4 + 0 . 9 43 I. 
For compari son, the resi stance of a flat roof and cei ling i s  
approxi mately 
( 9) R 
Typical values are 
I 
Reff 
approx Reff 
R 
approx R 
4.064 + 0.960 I. 
. 85 3 
4.56 6 . 66 
4 . 63 6.66 
4 .83 6. 95 
4 .88 6 . 95 
6 9 
9 . 35 1 1 .80 
9 . 50 1 2. 32 
9. 74 1 2  . 37 
9 .83 1 2. 71 
7 8 
( 11)  K = 0. 25 + 0.02165 (wind veloci ty) + 0.00833 l t1-te l 
for an average dwelling, Detai led calculati ons by Anderson (1973) 
permi t a calculati on of the effect of integri ty of the shell on this 
rate. For tight constructi on, with storm doors and w i ndows, the rate 
i s  reduced 14  percent, and for loose constructi on i t  i s  i ncreased 14 
percent. Therefore, we multi ply the value of K in (11)  by a factor 
(1 2) 1 ,1 4  - 0. 28 (proporti on of w i ndow area stormed) . 
On the basi s of this compari son, we chose (8) as an adequate An addi ti onal factor enteri ng thermal calculati ons i s  the heat 
approximati on to the resistance of all roofs, pi tched or flat. 
I nfiltrati on i s  a function of the i ntegri ty of the dwelling 
shell, and pressure differenti als created by wind, stack effects, and 
temperature differences. A common method of calculati ng i nfiltrati on 
effects is to determine the number of ai r changes per hour in the 
dwelling, K. Then the heat transfer i s  
(1 0) Net i nfiltrati on heat loss 0.01 8  KV (ti-te) , 
3 where Vis the volume of the dwelling (ft ) ,  0. 018 equals the Btu 
requi red to heat one cubi c foot of ai r by one degree F, and t1-t0 is 
the temperature di fferenti al (ASHRAE, 1 977. 24.6) , 
Ai r changes per hour i n  most dwellings are i n  the range 
0.5 i Ki 1 .S for heati ng and 1 i Ki 2 for cooling. Dwellings w i th 
K < 0.5 are "stuffy" and K L 2 are "drafty." Experi mental measurements 
by Achenback and Coblentz (1963) gi ve an ai r change rate 
generated i nternally by occupants and appliances. ASHRAE (1977, 
25. 1 7, 25.41 ) design standards typi cally assume each occupant 
generates 225 Btuh in normal acti vity, whi le lighti ng and appliances 
generate 1 200 Btuh. Anderson reports a higher i nternal load from 
lighti ng and appliances of 3083 Btuh, and an effecti ve load per 
occupant of 31 8 Btuh due to the dai ly pattern of occupancy.  For 
purposes of  calculati ng design capaci ty, we use the ASHRAE standards. 
We follow the usual practi ce of includi ng i nternal load i n  the 
calculati on of ai r condi ti oner capaci ty requi rements, but excludi ng i t  
i n  heati ng capaci ty requi rements. The w i nter heat transfer 
calculati ons may now be summarized i n  Table 5. 
[Table 5 here] 
� Cooling Load 
The rate of instantaneous heat gai n duri ng the summer i s  
classified by the mode i n  which i t  enters the resi dence. Heat gai n 
occurs in the form of: (1) solar radi ation through transparent 
surfaces; (2) heat conduction through i nteri or parti tions, ceilings, 
and floors; (3) hest conduction through exteri or walls and roof; (4) 
9 
heat generated within the space by occupants and equipment; (5) energy 
transfer as a result of ventilati on and infiltration of outdoor ai r; 
and (6) all miscellaneous heat gains. 
Preci se calculation of the effects of solar radiation on ai r 
conditioni ng requirements requi res measurement of the angle of 
incidence of radi ati on on each surface of the shell, degree of 
shading, and reflectance of the surface, over the day. Heat flux into 
the surface satisfies (ASHRAE, 1 977, 25. 4) . 
(13) 
where 
(Btnh per ft2) = al + (t - ti ) /R - �P r o 
t0 = outdoor air temperature, degrees F 
a 
I r 
= absorptance of surface for solar radi ation 
solar radi ation incident on surface (Btnh/ft2) 
R = resistance of surface to radiati on and convection heat 
transfer 
� = emittance of surface 
p = correction for di fference between sky and black body 
radi ation spectrum 
The value of Ir will be a function of latitude, time of day, 
and the orientati on of the surface, ASHRAE converts this equation to 
a sol-air temperature equivalent, 
(14) 
so that 
(15) 
t sa t0 + R • (air - �p) 
(Btnh per ft2) (tsa - ti) /R. 
1 0  
The temperature tsa is that outdoor temperature which, in the 
absence of radi ati on exchanges, gives the same rate of heat entry into 
the incident surface as exists under standard condi ti ons. The 
calculati on of heat gai n combines transi ent thermal properties o f  
buildi ng materials and sol-air equi valent temperatures b y  the transfer 
functi on method (ASHRAE, 1 977, 25.27) . However, the rate of 
instantaneous heat gai n w i ll not in general determine i nstantaneous 
cooling load. Radi ant energy is first absorbed by surfaces which 
enclose the space. As these surf aces become warmer than the space 
air, heat i s  transferred i nto the room by convection. A transfer 
function method is used to convert instantaneous heat gain into 
cooling load. 
For hour-by-hour calculati on ASHRAE provides values of the 
thermal transfer coeffici ents for roofs and walls under a variety of 
constructi ons i ndexed by wei ght and average conductivity (ASHRAE, 
1 977, 25.28, Table 26, and 25. 29, Table 27) . In Table 6 we esti mate 
roof density and weight for the roof materials assumed in Table 2. · To 
approximate the condi tions maintained in Table 2, we examine ASHRAE 
roofs #22 and #25 with weight of 8 lbs/cu ft. and conductances 0 .109 
and 0.1 70 respectively. 
1 1 
[Table 6 here] 
The transfer function method for calculation of instantaneous 
heat gain through roofs and exterior walls assumes constant indoor 
tmnperature and represents outdoor conditions by sol-air equivalent 
temperatures, Heat gain (at hour h) arising through a roof or wall 
is: 
(16) 
where 
A 
q(h) 
h 
t Ila (h) 
ti 
q(h) /A = B(L) t (h) - D(L)q(h) /A - tic sa 
indoor surface area of a roof or wall, sq. ft. 
heat gain, Btuh/sq ft. 
"' solar hour 
sol-air temperature at hour h, degrees F 
= indoor temperature, degrees F 
B(L) , D(L) = lag-polynomials of the transfer function 
[Table 7 and 8 ]  
Table 7 presei1ts the transfer function polynomials for ASHRAE roofs 
#22 and #25. Note that (16) implies: 
(17) (I + D(L) ) (  q(h) /A) B(L) t5a(h) - t1c 
In the calculation of q(h) /A, initial conditions may be arbitrary 
provided the polynomial (I + D(L) ) is invertible. This condition in 
turn requires that the characteristic equation 
F'(X) = 1 + d1 X + d2x
2 + d3x
3 have roots which lie within the unit 
1 2  
circle in the complex plane. It may be verified that the roofs (and 
walls) considered in our analysis satisfy this property by direct 
solution of the cubic equation. The driving function tsa(h) is 
assumed periodic (with a one day period) so that calculation of q(h) /A 
simply requires repeating successive 24-hour cycles in (16) to allow 
the effect of initial conditions to become negligible. 
The hourly cycle for t58(h) will depend on roof and/or wall 
orientation and the daily cycle of outdoor temperatures. Outdoor 
temperature will itself follow a pattern determined by the average 
temperature and daily range of temperatures. Table 8 presents the 
percentages of the daily range used in the calculation of the daily 
temperature cycle. 
ASHRAE (1977, 25.2, Table 2) provides sol-air temperatures for 
roofs and walls on a day with maximum temperature of 95°F and daily 
range of temperatures equal to 21 °F, We assume that the difference 
between sol-air temperatures and outdoor temperatures remains constant 
independent of the daily mean and range of temperatures. Table 9 
presents the sol-air temperature differences. 
[Table 9 here] 
To determine cooling load for varied materials and weather 
conditions we generate hourly heat flux values when average 
temperature varies between 70° and 110° (in increments of 5°) , daily 
temperature range varies between 10° and 30° (in increments of 1 0°) , 
and inside temperature varies between 680 and 84° (in increments of 
1 3  
Z0) . A convergence cri teri a f or the heat f lux prof ile i s  suggested by 
equati on (17 ) evaluated at mean values: 
(18) (I + D(L) ) (q/A) B(L) t58 - t1 C 
w hich i mplies 
(19) (1 + d1 + dz + d3)(q/A) = (b0 + b1 + bz + b3) t5a - ti c 
w here q and tsa are average values of q(h) and t5a(h) respecti vely. 
From ( 1 9 )  we see that: 
(ZO) 
- (bo + bl + bz + b3l t q/A = (do + d1 + dz + d3) sa 
c 
<do + di + dz + d3 > 
It i s  easy to check that the coeffici ents used i n  the transfer 
ti • 
f uncti on method satisfy C = b0 + b1 + bz + b3 and that conductance U 
sati sf ies: 
(21 )  u = Cb0 + b1 + bz + b3> / <d0 + d1 +dz+ d3> 
Thus convergence of the heat flux prof ile i s  accomplished w hen the 
sample average of a Z4 hour predi cted heat f lux p�of ile i s  
approximately U(t - ti ) ,  sa 
Having determined an esti mated hourly heat flux profile we may 
use the transfer f uncti on method to determi ne hourly cooling load: 
(2Z) Q(h)/A = v0q(h)/A + v1q(h-1)/A - w1Q(h-1)/A 
where 
14 
Q(h) cooling load at hour h (Btuh) (per sq. ft. ) 
vO, vl , wl coefficients of the room transfer functi on. 
The values of v0, v1 , and w1 were determined under the assumpti ons of 
( 1 )  low room ai r ci rculation; (Z) Z# wood floor; and (3) frame 
exteri or wall (ASHRAE, 1 97 7 , ZS . 35 - Z5. 36, Tables 30 and 31 ) .  
Iterati ng the stationary heat f lux prof i le unti l  convergence provides 
hourly cooling loads. Daily cooling load attri butable to a surface i s  
then approxi mately the sum over the day of posi ti ve cooling loads 
ari si ng from that surface. This relati onship i s  only approxi mate 
si nce the cooling load transfer functi on applies to the total of all 
sources of heat flux rather than the sum of each source cooling load. 
To i llustrate the calculati on we present i n  Table 10 the dai ly 
profile of outdoor and sol-ai r temperatures as well as i nstantaneous 
heat flux and cooling loads f or ASHRAE roof #ZZ on a day with mean 
85°, range z1 •, and i nside temperature 75•. 
[Table 1 0  and 11 here] 
To summari ze the relati onship of cooling load to standard 
weather i nputs we have calculated total and maxi mal cooling load 
temperature di fferences for Z roofs and 4 walls over the ranges of 
temperatures specified above. A FORTRAN program w hich i mplements the 
thermal transfer functi on calculati ons i s  reproduced i n  Appendi x B. 
Each test surf ace generates Z43 observations which are used to 
esti mate summary regressi on formulae. The regression results 
presented i n  Table 1 1  are used below in the calculati on of dai ly 
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cooling load and cooling load capacity, 
Noting the similarity in the regression results we assume that 
ASHRAE roof #22 and exterior wall #37 provide adequate approximations 
for cooling load determination. These relationships must be modified 
for differences in actual levels of thermal resistance, 
Using the ceiling and roof resistances given in Table 2 and 
the definition of average heat flux, we can calculate an effective 
cooling resistence for the combined ceiling and roof in the case of a 
pitched roof. It is necessary to account for the effective resistence 
contributed by natural ventilation of the attic, Assume the ASHRAE 
(1977, 22.23, Table 6 and 24. 2) design standard of 0. 1 cu. ft, per 
minute per square foot of ceiling area for ventilation, assume the 
effective cross-section of the roof for solar radiation equals the 
square feet of ceiling, and neglect the effect of radiation on attic 
walls. Then thermal equilibri1lDI evaluated at mean v alues requires : 
(23) 
A A A 
R
c 
Ct - t) + <f + a"> Ct-t > r sa r w a 
A 
+ (0. 018)(. 1){60)Ac(t-ta) = R
c(t8 - ti) c 
·where t5a is average sol-air temperature, ta is attic temperature, and 
t is daily mean temperature. Then 
(24) ta - ti 
A __£ 
R r 
A A - r w (t5a - t) + (It+ ll + 0,108Ac)(t - ti) 
r w 
A A A 
__£ + ....£. + J + O .108A R R R c c r w 
and net ceiling heat flux is 
(25) q/A c 
...1.ct - t> + R sa 
A A 
(_! ...1. +_JI'. ...1. + 0. 108)(t - ti) A R A R r 
1 + 
c r c w 
A A 
(_! ...1. + J ...!. + 0. 108)R A R A R c c r c w 
The values in Table 2 and the ratios A /A = 1. 12 and A /A = 0. 08 r c w c 
imply 
(26) q/A c (
0,9310 + o.01sn> • co. 40485 c"t - t) + o.5 9163Ct-ti)> 2. 097 + 0. 6081 sa 
We may then define 
(27) q/A c 
where 
(28) 
ueffective • (t - t ) + ueffective • (t-t ) 1 sa i 2 i 
ueffectiv e = (0,3769 + 0,006361) 1 2. 097 + 0,6081 
ueffective 2 (
0 .17389 + 0,002931, 2. 097 + 0. 6081 
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From (22) and the values of v0, v1, and w1 we note that average 
cooling load and average heat flux satisfy Q/Ac = q/Ac' If effective 
resistence in the attic is approximately uniform over the day then 
(29) 
Qattic 
-A-c 
ueffective • [ total cooling load ] 1 temperature difference 
Ueffective • (t - t ) • 24. + 2 i 
For a flat roof we use the resistence v alues given in Table 2 
17 
to obtain : 
(30) Q /A "' (0.937 + 0.11) flat c 3.96 + I 
•[total cooling load temperature difference] .  
[ Table 12 here] 
Typical values of the ceiling cooling load are given in Table 
12 for ti = 75 •F. For total cooling load temperature difference we 
use the regression estimates for roof #22: 
(3:1) [ total cooling load temperature difference] 
22.66 • (t-ti) - 1 .032 • tr+ 35 5 .6 
We assume the pitched roof formula (29) to be consistent with 
our assumptions in the heating load calculation. 
[ Table 1 2  here] 
For .4.!sisn cooling load arising from window gains, sol-air 
temperature equivalents are given as a function of glazing, 
orientation, and covering. For windows with draperies, venetian 
blinds, or half-drawn roller shades, the formula (ASHRAE, 1977, 25 .40,  
Table 36) is 
(32) [Btuh/per ft2] -a+ bt e 
where b = 0 .8 for single glazed and b = 0 .6 for double glazed 
(stormed) windows, te = design temperature, and a has the following 
values:  
18 
Orientation Single glazed Double Glazed Prop. 
N 5 2  39 . 10 
NE and NW 33 21 ,25 
E and W 16 6 . 25 
SE and SW 24 13 . 25 
s 43 30 . 15 
average 30 18 
The average above is calculated by assuming that square footage of 
window space in a characteristic dwelling is distributed in the 
proportions given in the last column. 
For the purpose of cooling load calculations, we assume that 
the window gain effect is essentially uniform over the day so that 
(33) [Btuh/per ft2J -a+ bt 
The summer heat gain calculation is summarized in Tables 13 
and 14 for daily cooling load and design capacity. The calculations 
differ in two ways. Wall gains and ceiling gains use total cooling 
load temperature difference in the daily cooling load calculation and 
use maximal cooling load temperature difference in the capacity 
calculation. The second difference concerns the treatment of mean 
versus design temperatures in the calculation of window and 
infiltration gains. Cooling load calculations use daily mean 
temperature under the assumption that relevant gains are uniform due 
to the thermal flywheel effect. Capacity calculations use design 
temperature to determine maximal load. 
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[Tables 13 , 14, 15, and 16 here] 
Tables 15 and 16 consi der addi ti onal allowances for 
transmissi on loses i n  forced hot water and hot ai r systems, 
3 • BmCHMARX: ENERGY CONSUMPI'ION LEVILS 
Implici t i n  the thermal calculati ons for heati ng and cooling 
system desi gn capaci ti es are energy consumpti on levels 11J1der the 
benchmark behavioral assumpti ons used. These consumpti on levels can 
be calculated as a f11J1cti on of weather and ti me to gi ve benchmark HVAC 
load curves, or can be summed over the season to gi ve annual HVAC 
consumpti on. This secti on provides the formulae for these 
calculati ons. 
Consi der first the treatment of temperatures through ti me. 
When seasonal, monthly,  or hourly temperatures are available, they can 
be used di rectly in the calculati ons described below. However, i t  i s  
conveni ent for seasonal or annual calculati ons t o  use several si mple 
approxi mati ons to temperature patterns over ti me. Let F(t) denote the 
cumulati ve di stri buti on functi on of daily mean temperatures, Then 
average heati ng degree days per day over the year, to base temperature 
� .  sati sfies 
(3 4) Jtl HD = max(O , � -t) F'(t) dt � t 0 J� F(t) dt, to 
where t0 and t1 are extreme possible temperatures, Si milarly average 
cooling degree days per day to base temperature � satisfies 
(3 5) 
t t 
CD� = Jtl max(O , t-�) F'(t) dt = J�l [ 1-F(t)] dt. 0 
Approxi mate F(t) by a logisti c CDF, 
(3 6) 
Then 
(3 7) 
(38) 
F(t) = (1 + e-a-bt) -1 
HD� = tin (1 + ea+b�) 
CD = .!1n (1 + e -a-b�) � b • 
If HD65 and CD65 are gi ven, then the parameters a and b can be 
determi ned by solving 
(3 9) 
(40) 
1 
-b'CD65 -b"HD65 e + e 
a = b(HD65 - co65 - 65) 
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Then HD� and CD� can be calculated for other bases. The value of b i s  
qui ckly calculated by i terati vely splitti ng the i nterval contai ni ng 
the soluti on, starti ng from 
(41) (ln2) / max(HD65, co65) i b i (ln2) / min(CD65, HD65> 
Note that F(t) has mean -a/ b, vari ance n2/3 b2, and a 95 
percent temperature range th. h-t1 
= 2. 9444/b. For the NIECS data, 1g ow 
national average values are b = .1 218 and a= -6.870, implying annual 
mean temperature 56. 4, standard deviati on 14.9, and 95 percent 
temperature range 24. 2, or 3 2. 2  it i 80. 6. These match the actual 
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di stri bution of mean dai ly temperatures for average U. S. locati ons 
qui te well. 
Heating l&!!l Calculation 
Space heat capaci ty as a functi on of ambi ent temperature and 
thermostat setti ng may be interpreted as a measure of average hourly 
consumpti on of delivered energy over a day with the specified 
temperatures. Therefore. benchmark consumpti on levels can be 
calculated from the capaci ty models by replaci ng desi gn temperatures 
with the seasonal pattern of dai ly mean temperatures. Delivered 
energy per hour on a winter day with mean ambi ent temperature t and 
thermostat setting i: is. from Table 6:  
(42) Q = [A U +A U  +A i U i ] (i:-t) +A Uf(i:-tg) w w c c w n w n c 
+ &V(. 0103 5 + . 00015 (i:-t) ] (i:-t) - INTERNAL 
The notation i s  
Aw• Ac• Awin wall, cei ling. and window areas 
Uw• Uc• Uwin' Uf conducti viti es of wall. cei ling. window(average) .  and floor 
& 
v 
t g 
INTERNAL 
window infiltration loss factor 
volume 
ground temperature. assumed constant throughout 
the !'inter 
internal load from occupants and appliances, 
In this  formula. no attempt i s  made to correct for the effect of the 
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non-lineari ty in i nfiltrati on with temperature di fference over the 
dai ly temperature cycle. For typi cal daily temperature ranges. this 
correcti on is negligi ble at the level of precisi on of the overall 
calculati on. 
Rewri te (42) in the form 
(43 )  
with 
Q WO+ Wl (i:-t) + W2(i:-t)
2 
w = AU (i:-t ) - INTERNAL 0 c f g 
wl AWUW + ACU c + Awin uwin + . 0
103 5&V 
w2 = . 0001s&v 
Then the annual average delivered heat (Bth/ hr. ) i1 gi ven by 
(44) Qseas = J: max(Q(t) , O) F'(t) dt. 0 
If w0 < 0, then there i s  a balance temperature tb < i: above which heat 
i s  not requi red: 
wl -2 S tb = i: + 2w2 
(1 - (1-4w2w1 mi n(w0, 0) ) " ] 
Then (44) can be rewri tten 
Jtb ' ' ' 2 ' Qseas = t (wo + wl(tb-t) + w2(tb-t) ) F  (t) dt 0 
' ' Jtb ' Jtb w0F(tb) + w1 t F(t) dt + 2w2 t (tb-t) F(t) dt 0 0 
where 
• 2 wo'" wo + wl (i:-tb) + w2(i:-tb) = O 
• 
wl = wl + Zw2(i:-tb) 
, 
w2 = w2 
using integration by parts, 
J:b (tb-t)F0(t)dt = J:b F(t)dt 
0 0 
J:b (tb-t)2F1(t)dt = 2 J:b (tb-t)F(t)dt 0 0 
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Using the approximation (36) to the seasonal temperature distribution 
yields 
(45) 
(46) 
(47) 
where 
(48) 
F ( i:) (1 + e-a-bi:)-1 
J: F(t)dt = t ln (1 + ea+bi:) 
0 
2 J; (i:-t)F(t)dt = � J: ln (1 + ea+bt)dt 
0 0 
2 y(a+bi:) /b2 
A 
y(A) = JA ln (1 + e5)ds = J0 ln (1 + x� _.., 0 x 
Note that for 0 i x i 1, 
... 
(49) ln (1 + x) �1 
k-1 k (-1) x • k 
-5 Also, with error at most 10 for 0 i 1 i 1, 
(50) 
with 
Then 
(51) 
al 
a2 
8 3 
ln(l + x) � 2 3 4 
x - al + a21 + a3x + a4x + a5x 
.99949556 
.49190896 
.28947478 
a4 = -.13606275 
a5 = .03215845 
... . k-1 
y(O) = J1 ln(l + x� = 'f C-l) J1 xk-ldx 0 x t;;l k 0 
= f (-1) k-1 /k.2 = 712 /12 
lt=l 
-5 and for A < 0, with error at most 10 , 
(52) 
y(A) = J1 ln(l + x) � - J0 ln(l + x) dx o x eA x 
2 5 
- JL. \ f'l k-1 - 12 - L. ak J A x dx i=l e 
2 
JL. + = 12 tl :1 (eu-1) 
For A> 0, with error at most 10-5, 
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(53) 
Jo s JA s y(A) = ln(! + e )ds + ln(1 + e )ds -m O 
= .U..: + JA sds + JA ln(l + e-5)ds 12 0 0 
2 , 2 
Jl dx = .IL + ""'- + ln(1 + x) 7 12 2 0-A 
• 2 2 5 a 
"'lL + A: + ) ...! (1 - e-k.A) 12 2 (.;;1 k 
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-a Defining a= max (A ,0), p = e • 6 eA, and ck = ak/k, all cases can 
be combined in the formula 
(54) 
• 2 2 
y(A) "' .lL + .IL + 12 2 
5 �
1 
c
k
pk(6k-l) 
We anmmarize the annual average delivered heat per hour as: 
Qseas "'o/(1 + e
-a-bi;) + "'1/b ln(! + e
a+bi;) 
+ (2w2 /b
2) y[a+bi;] 
• a+btb • 2 (w1/b) ln(l + e ) + (
2 w2/b ) y(a+btb) 
Coolin11; Load Calculation 
for w 0 2. 0 and 
for w0 < 0 
Delivered energy per hour on a summer day with mean ambient 
temperature t and thermostat setting i; is from Table 13: 
Q 
2 
s 0 + s1 < t - i; l + s2 c t - i; > 
S = [(A U (362.1 - 0.9638 • t ) o w w r 
where 
st 
+ A  u1
eff(355.6 - 1.032 • t ))/24 c r 
+ (Aws + Awn + Asdn)(0.8i; - 30) 
+ A5d5(0.6i; - 18) + INTERNAL] • 1.25 
[(A U • 22.67 + A u1
eff • 22.66 + A u2
eff • 24)/24 w w c c 
+ (Aws + Awn + Asdn)(0.8) + A5d11(0.6) + 0.00742 •VJ • 1.25 
s2 = (0.00015 • V) • 1.25 
(Notation is given in Tables 13 and 14.) Then annual average 
delivered cooling (Btuh) is given by 
(55) _AC 
tl ' u-- = J max(Q(t),O)F (t)dt. seas i; 
If S0 < 0, then there is a balance temperature tb ) i; below which 
cooling is not required: 
s1 t = i; - -[1 - (1-48 s-
2min(S 0)) •5] b 2 S2 2 1 o
' 
Then (55) can be rewritten 
(56) <f C seas 
where 
f
tl • • , 2 • 
tb 
[S0 + S1 (t - tb) + s2Ct - tb) ]F (
t)dt 
' 2 
So= So + Sl(tb - i;) + S2(tb - i;) 
= 0 
• 
s1 = s1 + 2s2ctb - i;) 
• 
�-� 
26 
Note that we may relate the integral in (56) to the form 
evaluated in the heating load calculation since: 
Jtl • ' , 2 ' 
tb 
[S0 + S1(t - tb) + s2(t - tb) ]F (t)dt 
Jt1 • 
t 
[So 0 
I I 2 I S2(tb - t) + S2(tb - t) ]F (t)dt 
Jtb • , • 2 , 
t 
[S0 - S1Ctb - t) + S2(tb - t) ]F (t)dt 0 
• , • 2 "' so - sl (tb - µ) + s2 [(tb - 11) + var(t)] 
Jtb I r t 2 I 
t [S0 - s1(tb - t) + s2(tb - t) ]F (t)dt 0 
where µ = -a/b and var(t) n 2 /3b 2• 
The cases S0 < 0 and S0 2 0 imply: 
• 
s 0 
• 
s1 
• 
{O, 
s . 0 
{ s1 
s1 
s2 = s2 
s < 0 0 
so 2 0 
+ 2s2ctb - �>.s0 < o 
, S0 2 0 
Duct losses for air conditioning are ignored, so the expression for 
QAC gives gross air conditioner output, For duct and pipe systems, seas 
additional furnace output is required to offset transmission losses. 
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These losses can be divided into a component due to conduction losses 
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from the delivery system and a component due to heat gains and losses 
of the delivery system components under cyclic operation. The first 
component is to a close approximation proportional to heat delivered, 
and the coefficient of proportionality can be obtained from the 
calculation of capacity requirements for non-central and central 
systems. Thus, 
( 57) 
(58) 
O = Q • SHEATD/SHEATN I) seas 
Qp = Q • SHEATP /SHEA.TN seas 
where SHEA.TN, SHEATD, SHEATP are capacities of non-central, duct, and 
pipe systems respectively, and QD' Qp are seasonal furnace outputs net 
of cyclic losses. 
Seasonal energy conversion efficiencies of heating equipment 
depend on climate, through cyclic heat loss, and on fuel. Empirical 
seasonal efficiencies of heating equipment, or coefficients .Q.f 
performance, can be obtained from ASHRAE. Distribution cyclic heat 
losses are small relative to the furnace losses and will be ignored, 
The coefficients for gas, oil, electric resistence (baseboard), and 
heat pump are respectively 
( 59) 
(60) 
(61) 
(62) 
COPG = .46 + . 0146 • HD65 
COP0 = . 404 + .0 13 0 
• HD65 
COPE= 1. 0 
COPHP = 1. 94 + -:rr,85 + c�6 - . 046 HD65 - . 081 CD65 ' 65 65 
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The efficiency 1011 in central electric resistence units is relatively 
small, and is ignored. The approximation of the heat pump COP is 
discussed in Appendix A. 
The coefficient of performance for an air conditioner is 
approximately 
(63) ..ill 1.23 COP AC = 3 .44 + HD + CD - .036 Rd65 - .038 cn65• 65 65 
Thia approximation is developed in Appendix A. 
The base technological calculations of seasonal energy 
con111111ption can now be s11111111arized. Take, for example, a gas-fired 
forced air system. Energy input in MB over the year is 8. 76 �/COP6• 
Similarly, an electric baseboard system requires an input of 8.76• 
Q /COPE, while an air conditioner requires 8.76 �
C /COPAC" seas seas 
Multiplied by marginal fuel prices, these figures give the 
technologically based operating costs of alternative systems. 
These calculations are carried out for specified winter and 
summer thermostat settings. Repeating the calculations for a one 
degree change in the thermostat setting and taking differences yields 
an overall calculation of the seasonal price of comfort. In carrying 
out these "price" calculations, we ignore the very small change in w0 
induced by the thermostat change. 
The seasonal calculations just completed can also be applied 
to time periods within a season, such as billing periods. The 
temperature distribution F(t) should then be that applicable for the 
period in question. The logistic approximation used for the seasonal 
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temperature distribution requires some modification for use in billing 
periods. 
A more accurate temperature distribution can be obtained using 
degree-day calculations for alternative bases. Let R v, Cv denote 
heating and cooling degree-days (per day) to base v; then 
RV= J�m(v-t)F0(t) = t ln(l+eb(v-µ)) 1 
. 
v-µ + b ln(l+e-b(v-µ)) 
max(O,v-µ) + t ln(l+e-blv-µI) 
C = ftD (t-v)F0{t)dt = ! ln(l+e-b(v-µ)) v Jv b 
max(O,µ-v) + t ln(l+e-blv-µI) 
J'f-
m ' 
Note that C -R = (t-v)F (t)dt V V -m µ-v. For a 
base � L v, one has 
(�-v)F(v) i R -R = f"C F(t)dt i (�-v)F(�) � v Jv 
(�-v)[l-F(�)] i C -C = f"C [1-F(t)]dt i (�-v)[l-F(v)]. v � Jv 
Given Cv, R� for � L v, consider the function 
-bR -bC b(v-�+R +C ) 
G(b) = (1-e �) • (1-e v) • e 
� v - 1, 
derived by eliminating µ from the equations for R� and Cv. This 
function has G(O) < 0 and G0(0) > O. If G(l) > 1, then a unique 
solution can be obtained by successive interpolation, with the 
consistent value 
µ 
-bC 
v + Cv + t ln(l-e v). 
On the other hand, if G(l) < 1 ,  as will be the case if C or B are v � 
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sufficiently small, then the temperature distribution has little mass 
in the range of v and �. where balance temperatures are attained. 
Outside this range, marginal heating and cooling requirements are 
linear in the temperature differential, except for small stack and 
ground effects in heating which can be neglected. Bence, in this case 
it is a good approximation to assume that mean temperature for the 
period under study is concentrated at µ = v + CV - Bv' and set 
QAC = Q(µ) , with an analogous procedure for heating. 
4. CHARACTERISTICS OF SINGLFrFAMILY DWELLINGS 
The thermal calculations in the proceeding sections require 
information on wall, window, and ceiling areas, volume, and feet of 
pipe of ducting for central heating systems. The NIECS/PNW data do 
not provide this level of detail, but do provide (incomplete) 
information on square footage, and numbers of rooms, floors, and 
windows. To fill this gap, we have sampled seven typical dwellings, 
and from their detailed characteristics obtained relationships between 
the required variables and those observed in NIECS/PNW. Table 17 
lists the measured characteristics. Figures 3 -17 give floor plans and 
elevations of these dwellings. 
A series of regressions on these seven observations provide a 
link from variables in NIECS to structural characteristics, as 
follows: 
3 2  
( 6 4 )  
i [ Wall area J n incl. windows = 2 . 96 + 0. 9 2  in [no. floors] + 0.57 in [sq.ft. ceiling] 
( 0 . 68 )  ( 0 . 14 )  
o2 = 19  
(0. 10)  
'R 2 = o. 9 9  
( 6 5 )  
in [sq . f e e t  ceil ing] -0. 04  = 0 . 815 in [no. f loors] + 1 . 00 6  in [sq. f e e t] 
( 6 6 )  
( 0.45) ( 0 . 10 8 )  2 (0. 0 6 4 )  -2 o = 0.007 ·R = 0.9 9 6  
i n  [Volume] = 2.19 + 0. 80 in [no. f loors] + 0. 9 8  i n  [sq. f t .  ceil ing] 
(0. 58 )  (0. 1 2 )  2 (0 . 08 )  -2 o = 0 . 01 R = 0. 9 8  
Average area per p icture window = 3 8 . 9; average area per other 
window = 8 . 7; average area per sliding glass door = 52. 5 .  
(67) 
( 6 8 )  
[Average roof f t 2 perl 
cei ling f t2 J 
[Average at tic wa�l f t 2] 
per ce i l ing f t  
1. 12  02 0. 15 
0 . 08 02 0 . 07 
The next group of results relate heat ing system characterist ics 
to measured quan t i t ies. 
( 6 9 )  
No . registers = 2 . 55 + 1.07 [rooms] + 0. 003 [sq . f t . ]  
(3 . 20 )  ( O .  7 2 )  ( 0 . 001)  
o2 = 4 . 52 'R2 = o. 97 
( 7 0 )  
Fee t  o f  duct = 3. 89  ( no .  registers) 
(2. 08)  
o 2  = 427 
+ 0 . 067 ( sq. 
(0 . 0 18)  
-2 R = 
f t.) 
0.9 9 
(71) 
tn [Feet of hot water pipe] = -1.95 + 1.03 tn [sq . ft.] 
(0.71) (0.10) 
o2 = 0.02 R"2 = o. 99 
(72) 
[no. radiators] = 1.04 [no. rooms] 
(0.34) 
+ 0.0014 ]sq. ft.] 
(0.0013) 
02 364 'R2 = o.96 
le use these equations to estimate structural characteristics of the 
NIECS/PNW dwellings, expect that for hot water systems we assume 
baseboard radiators rather than conventional radiators, and use the 
ASHRAE design standard that one linear foot of baseboard radiator is 
required per 645 Btuh designed capacity of the heating system. 
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The proportion of window area to total wall area in the 
typical houses ranges from 0. 04 to 0. 27. We shall assume that for the 
NIECS/PNW houses this proportion is bounded between 0. 03 and 0.7, and 
use these bounds if the regression predicts a more extreme value. 
The NIECS/PNI data reports square footage of the dwelling as 
estimated by the respondent. However, there is evidence in the_NIECS 
data that these responses are subject to error. Therefore, we regress 
reported square footage on several variables which we believe to be 
measured more accurately, and use the predicted values from this 
equation in our analysis. The method was to remove the accurately 
measured square footage of the largest room from the reported total 
square feet, predict the square footage of the remainder of the 
dwelling, and then add back in the largest room square footage. The 
34 
estimated equation is given in Table 18 . Some average characteristics 
of the NIECS/PNW dwellings are given in Table 19. 
[Table 17, 1 8 , and 19 here] 
Typical house 7 is taken from ASHRAE (1977, 24. 7-24. 9) , which 
calculates its heating system capacity to be 114 MBH for a Syracuse, 
N.Y. location with a design temperature of -10 degrees F when there is 
no wall or attic insulation. The thermal program developed here, 
using the same inputs as are provided for the NIECS/PNW households, 
and the design temperature for this location, yields a capacity of 131 
MBH. The thermal program yields a central AC capacity of 65 MBH for 
this house under the Syracuse summer design temperature of 90 with a 
daily range of 20. The corresponding ASHRAE calculation using actual 
characteristics of the shell gives an AC capacity of 44 MBH. 
The usage calculations in Section 3 applied to the NIECS/PNW 
households imply the coefficients of performance and usages in 
Table 20. Note that these are averages over all dwellings of the 
performance of the specified equipment .!! it were installed in every 
dwelling, ..!.!!! the performance of equipment actually installed. 
To test the sensitivity of the thermal model, we have 
calculated capacity and usage under two alternative levels of building 
thermal characteristics. The first alternative is an uninsulated 
dwelling without storm windows or double glazing. The second 
alternative is the ASHRAE 90-75 voluntary thermal standard for new 
construction. Under this standard, all windows are stormed or double 
glazed, walls and ceiling are insulated, heating and cooling system 
capacities are reduced, and tight construction is used to reduce 
infiltration. The ASHRAE standards�- vary by region, as follows: 
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Region 1 Region 2 Region 3 Region 4 
Northeast Northcentral South West 
------- -- - ---- --------
R-val ue ceiling 
insulation 17.14 17 .14 19.5 19.5 
R-value wall 
insulation 15.44 15 .44 9.45 9.45 
Reduction in heating 
design temp. 
differential 12 14 12 14 
Reduction in cooling 
design temp. 
differential 7 6 6 5 
[Table 20 and 21 here] 
Table 21 summarizes the differences in capacities and energy 
consumption under these alternatives, for dwellings built since 1970. 
Note first that observed thermal performance achieves a substantial 
fraction of that achievable under the ASHRAE 90-75 standards; for 
example, for electric resistence heat, 81 percent of the energy 
conservation achievable by the ASHRAE standard compared to the 
uninsulated case is in fact achieved. However, substantial 
conservation is still attainable from the ASHARE standard: for 
electric resistence heating, electricity consumption could have been 
reduced 19 percent relative to actual construction, with comparable 
reductions for other heatina systnis. The following calculation gives 
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the sample average capital costs of the thermal improvements and 
heating system for the observed construction since 1970 and for the 
ASHRAE standards, in 1981 prices: 
Observed ASHRAE 
Dwellings Standard 
(1) Insulation cost * 1,105.00 tl,276.00 
(2) Storm/Double glazing cost 315.00 457.00 
(3) Electric resistence capital cost 897.00 1.Q!.00 
(4) (1) + (2) + (3) * 2,317.00 t2,442.00 
( 5) Gas forced air capital cost !,036.00 !,019.00 
( 6) Total (lJ + (2) + (5) * 2,456.00 t2,752.oo 
( 7) Heat pump capital cost !,308 .oo �.w_.oo 
( 8) Total (1) + (2) + (7) t 5,728.00 i4,534.00 
These costs are taken from an equipment and construction costing 
program which is described in Cowing-Dubin-McFadden (1981). Note 
first that for heat pumps, the savings in equipment cost from reduced 
design capacity requirements and down-sizing more than offset the 
added cost of meeting the ASHRAE standards, even before the reduction 
in life cycle costs from reduced operating cost is taken into account. 
On the other hand, for gas forced air systems, there is an average 
increment in capital cost of i296.00 required to meet the ASHRAE 
standards and reduce energy consumption by 32,100,000 Btu/year. At an 
average gas price of i3.54 per 106 Btu, the operating cost savings is 
approximately i114/year. Ignoring the effects of finite dwelling and 
equipment life, the real rate of return to adoption of the ASHRAE 
standards is 39 percent. Since this rate exceeds the real interest 
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rate to most non�credit-con1trained consumers, it appears that 
improvement of thermal performance to tho ASHARE standard should in 
fact bonof it most con1umor1 and be adopted voluntarily if they are 
fully appraised of tho life cycle costs. This conclusion is subject 
to a caveat that a comparison is being made between actual and 
standards thermal levola for gas forced air heat, irrespective of tho 
typo of heat actually chosen. In fact, actual insulation levels are 
higher for electrically heated homes than for other fuels, as should 
be expected when thermal performance is adjusted in tho direction of 
minimizing life cycle coat. Thia will tend to load tho preceeding 
calculation to overstate the benefit attainable from imposing 
standards on electrically heated homes, and understate tho bonof it for 
other fuels. A more careful behavioral analysis of joint choice of 
heating fuel and thermal shell performance will be reported 
separately. 
We conclude this report with a few comments on the uses and 
limitations of tho thermal and coating models we have developed. 
First, it was .!!!Ji our objective to construct a detailed thermal model 
suitable for engineering now dwellings or carry ing out energy audits 
for existing structures, and it would be a mistake to try to use tho 
model for those purpo1e1. Tho data requirements for such modeling are 
greater by an order of magnitude than the structural information in 
tho NIECS or PN1I' data sot, Second, it..][!! our objective to utilize 
the data available from NIECS/PNW to approximate thermal requirements 
across a statistical sample in a way which explained most of the 
technologically determined scale of capacity and usage. The outputs 
of tho thermal model can then be used as inputs to an analysis of 
choice behavior, with econometric models explaining behavioral 
deviations from the engineering base. 
The thermal and costing models we have developed appear to 
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give a much more satisfactory basis for pricing out alternative HVAC 
systems than one could achieve using simple formulae for cost per 
square foot or cost per square foot-degree day. Further, tho implied 
energy consumption under alternative weather conditions should be 
adequate for indexing tho expected operating costs of alternative 
systems. 
We see several advantages to combining the simple engineering 
thermal model we have developed and a behavioral analysis of consumer 
response. We can avoid tho problems of a pure econometric approach 
which "burns degrees of freedom" to explain usage variations which are 
technically determined. We also avoid a pure engineering model which 
fails to account for economic behavioral response. In addition, tho 
use of the thermal model as an input to the behavioral analysis allows 
one to calculate readily tho technical � behavioral response of 
households to energy policies. This permits logically consistent and 
complete method for translating policy which effects voluntary or 
mandatory building standards into technical consequences in terms of 
capital cost and energy requirements, modified by consumer'• 
behavioral responses to these consequences. 
APPENDIX A : Seasonal Heatin1 and Cooling Efficiencies of 
Air Conditioners ..!.rut Heat Pumps 
The coefficient of performance of air conditioners and heat 
pumps in the cooling mode from ASHRAE graphs, is approximately 
(A.1) COP = 1/(.235 + .0051 (t-�)). 
where t is daily mean ambient temperatures and � is thermostat 
3 9  
setting. As a ba1i1 for a seasonal efficiency calculation, consider a 
typical residence in which the average cooling load over a day in the 
cooling season (defined by t > � = 75) is 17900 + 791 (t-75) Btuh. 
The energy output per hour for cooling, averaged over the year, is 
t , 
(A.2) Qout = J7;P ( 17900 + 791 (t-75)]F (t)dt, 
where F(t) is the distribution of daily mean temperatures. 
The corresponding energy input is 
t , 
(A. 3 )  Qin = J7;P ( 17900 + 791(t-75)] Fc��> dt 
J
t , 
= 7;P ( 17900 + 79l(t-75)] 
• (.235 + .0051(t-75)]F (t)dt 
Using the approximation to the annual distribution of mean 
temperatures given by (36), we compute these expressions at a 
representative location in each of the seven AIA weather zones in the 
U. S. ,  and compute the seasonal efficiency Q t/Q . •  These values are OU 1n 
then fitted empirically as a function of daily av erage heating and 
40 
cooling degree days. The empirical function is accurate to within one 
percent. 
In the heating mode, the COP of heat pumps is approximately 
constant, with value 3.25 ,  over the range where the unit is 
_ operational� However, below an ambient mean temperature of 40 degrees, 
build-up of frost on the outdoor coil prevents operation, and backup 
heating is required. The usual system has electric re1istence heating 
for extreme weather. We analyze this system. This method could be 
applied with obvious modifications to oil or gas backup units. 
The energy output per hour for heating, averaged over the 
year, is 
(A .4) Q t = �t (800(�-t) - 1600]F 1 {t)dt, OU low 
where � is the thermostat setting and 800(�-t)-1600 is the average 
heating load in Btuh over a day in the heating season (defined by 
t < �). If the input for days with t < 40 is provided by resistence 
heating, then 
(A.5) 
Qin = J!:
ow
C8oo c �-t)-16001 F1(t)dt + 3:25 J::O c800 < �-t)-1600J F1(t)dt 
= 
3 �25
£ 2 .25J�
0 [800 < �-t> -1600 1F1(t)dt + J: C8o o c �-t>-1600 1F ' < t >dt l  
low low 
we compute Q t/Qi at representative locations in the seven AIA OU n 
weather zones, using the approximation (36) to the temperature 
4 1  
di stributi on. The resulti ng ef f icienc i es are then approxi mated 
empi rically as functi ons of heati ng and cooling degrees per day. The 
reported eff ici enci es are f or a thermostat setti ng of  65 degrees. The 
empi ri cal formula i s  accurate to w i th in 4 percent. 
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APPENDIX B: Computer Routines 
This appendi x lists the computer routi ne s  used to process 
NIECS / PNW data, prov ide the structural characteri stics of dwellings in 
the sample, compute equipment capaciti es and energy usage, and cost 
out alternativ e HVAC systems. These programs are written in QUAIL, a 
stati sti cal language f or econometric analysi s  of discrete data. 
Experi enced programmers should hav e  no diff iculty rewri ting these 
programs in SAS ,  TS P, SPSS or FORTRAN i f  QUAIL is not available at 
the i r  i nstallati on. The computati ons carri ed out by the programs are 
summarized as f ollows : 
1 .  Fortran program to determine daily cooling load and maxi mum 
cooling load usi ng transfer functi on method. 
2. Paci f ic Nor thwest Data : Thermal programs HVACll ,  RVAC1 25 , 
RVAC13 . 
3 .  NIECS Data: Thermal Programs HVAC11 , RVAC12, RVAC1 25 , RVAC13 . 
BVACll�Recodes selected  NIECS/PNW vari ables, fills i n  missing 
data on i nches of attic insulati on and square footage f rom regression 
on complete observati ons (NIECS only) , estimates window, wall, and 
cei ling areas and volume f r om  regressions on t ypi cal houses, and 
estimates lengths of pipe for hot water systems, duct f or forced ai r 
systems, and v ent chimne y. 
BVAC1 2�Sets up alternative thermal standards calculati ons. 
(NIECS only) . 
BVAC1 2S �Approxi mates the annual temperature distri bution 
using degree-day data, by an i terative method. 
RVAC13�Contains the thermal model used to calculate equipment 
capacity and energy usage. Overall resistence s of thermal shell 
components are calculated. Then coefficients of the quadratic 
form ulae for heat gai n and loss under design conditions are 
4 3  
calculated. These coefficients and climatologi cal data are use d  to 
calcul ate desi gn capaci ties, coeffici ents of performance of 
alternative syst ems, and energy consumpt i on. Repeati ng the 
calculati on for alternati ve thermostat sett i ngs permi ts cal culation of 
th e energy cost of comfort. 
[Computer Routi nes here] 
c 
c 
c 
c 
c 
4 
1 0 0  
c 
c 
c 
5 
c 
c 
c 
D I M EN S I O N T S A C 2 4 > , H Q C 2 4 ) , C L C 2 4 ) , DR C 2 4 > , T C 2 4 > , T S A D C 2 4 )  
A T T R I B U T E S  O F  T R A N S F E R  F U N C T I O N  F O R  C O O L I N G L O A D  
V O =  0 . 7 0 3  
V l = - 0 . 5 8 3 
W l =  - 0 . 88 
R E A D  I N  V A L U ES F O R  P ER C E N T A G E  O F  T H E  D A I L Y R A N G E  
D O  4 I = l , 2 4 
R E A D C 9 , 1 0 0 )  D R C I >  
F O R M A T C F 1 5 . 8 )  
R E A D  I N  T EM P ER A T U R E  D I F F E R E N C E S  C S O L - A I R  - O U T S I D E > : 
DO 5 I = l , 2 4 
R E A D C 9 , l 0 0 )  T S A D C I )  
R E A D  I N  A S H R A E  M A T ER I A L  P R O P E R T I ES 
R E A D C 8 , l O O >  B O  
R E A D C 8 , l 0 0 l  B l  
R E A D C 8 , 1 0 0 )  B 2  
R E A D C 8 , l 0 0 )  8 3  
R EA D C 8 , 1 0 0 )  D O  
R E A O C 8 , l O O >  D l  
R EA D C 8 , 1 0 0 )  D Z  
R E A D C 8 , 1 0 0 )  D 3  
R E A D C 8 , l O O >  C 
R E A D C 8 , l 0 0 )  U 
R E A D C 8 , 1 0 0 )  X I N S U L  
C S ET C O U N T E R  TO Z E R O  
J J = O  
c 
T M E A N = 8 5 . 0  
T R A N G E = 2 1 . 0  
T R C = 7 5 . 0  
C A D V A N C E  C O U N T ER 
J J = J J + l  
c 
C C R E A T E  D A I L Y T EM P E R A T U R E  P R O F I L E  U S I N G  M E A N  A N D  R A N G E  
C C R E A T E S O L - A I R  T EM P E R A T U R E S A D D I N G  C S O L - A I R  - OUT S I D E >  
C T O  T H E  D A I L Y  T Efl P E R A  T U R E  P R O F I L E  
D O 1 1  I = l , 2 4 
T C I > = T M E A N  + C 0 . 5 - C D R C I ) / 1 0 0 . 0 ) ) M T R A N G E  
T S A C i l = T S A D C i l + T C i l  
1 1  C O N T I N U E  
· c  
C S E T  I N I T I A L  C O N D I T I O N S  
H Q C 2 4 l = O . O  
H Q C 2 3 > = o . o 
H Q C 2 2 > = 0 . 0  
c 
C S E T  U P  2 4  H O U R  C L O C K  W I T H  H O U R  Z E R O  S ET TO 2 4 ; R EP EA T  
DO  1 0  I = l , 9 6 
I I O = M O D C I - 0 + 2 4 , 2 4 )  
I I l = M O D < I - 1 + 2 4 , 2 4 )  
I I 2 = M O D C I - 2 + 2 4 , 2 4 )  
I I 3 =M O D C I - 3 +2 4 , 2 4 )  
I F  C I T � EQ . 0 )  I I 0 = 2 4  
4 4 
I F  C l l l . EQ . � )  1 1 1 = 2 4  
I F  t I I l . EQ . 0 )  I I 2 = 2 4  
I F  ( 1 1 3 . E Q . 0 )  I I 3 = 2 4  
4 5  
H Q C I I O > = B O * T S A C I I O )  + B l * T S A C I I l )  + B 2 * T S A C I I 2 )  + B 3 * T S A C i l 3 )  C - D l * H Q C I I l >  - D 2 M H Q C I I 2 >  - D 3 * HQ C I 1 3 )  - C M T R C  
1 0  C O N T I N U E  
c 
C C H EC K  F O R  C O N V E R G E N C E  O F  H EA T  F L U X  P R O F I L E  BY C O MP A R I N G  
C A C T U A L  A V E R A G E  H E A T  F L UX W I T H  T H E  A V E R A G E  O F  H O U R L Y  
C P R E D I C T E D  H E A T  F L UX 
A V G T S A = O . O  
A V GH Q = O . O  
DO l I = l , 2 4 
A V G T S A = T S A C I )  + A V G T S A  
l A V G H Q  = H Q C I >  + A V G H Q  
A V G T S A = U K C C A V G T S A/ 2 4 . 0 l - T R C )  
A V G H Q = A V G H Q / 2 4 . 0  
c 
C CA L C U L A T E COO L I N G  L O AD U S I N G  TRANSFER F U N C T I O N  M E T H O D  
C L C 2 4 > = 0 . 0  
D O  2 0  I = l , 9 6 
I O =MO D C I - 0 + 2 4 , 2 4 )  
I l =MO D C I - 1 + 2 4 , 2 4 )  
I F  C I O . EQ . O >  1 0 = 2 4  
I F  C ! l . EQ . 0 )  1 1 = 2 4  
2 0  C l ( l O ) = V O M H Q C I O ) + V l M HQ C i l l -W l M C L C l l )  
c 
DO 3 0  I = l , 2 4 
3 0  C l ( I > = C L C I ) / U  
c 
C HOW COMP U T E  T O T A L C O O L L O A D  T EMP D I F F  FOR T H E DAY 
C O ll l = O . O  
D O  2 0 0 0  I = l , 2 4 
C O O L = C O O L  + M AX C C L C I ) , 0 . 0 )  
2 0 0 0  C O ll T I N U E  
A T = O . O  
A T S A D = O . O  
A T S A = O . O  
A C L = O . O  
A H Q = O . O  
D O  1 0 0 0  I = l , 2 4 
WR I T E C l 0 , 2 0 1 0 )  I , T C ! ) , T S A D C I > , T S A C I ) , C l C i l , H Q C I >  
A T = A  T + T <  I ) / 2 4 . 0 
A T S A D = A T S A D + T S A D C I J / 2 4 . 0  
A T S A = A T S A + T S A C l ) / 2 4 . 0  
A C L = A C L + C L C I ) / 2 4 . 0  
A H Q = A H Q + H Q C I ) /2 4 . 0  
· 1 0 0 0  C O N T I N U E  
2 0 1 0  F O R M A T C I 5 , 5 C F 1 5 . 2 ) )  
W R I T E  C l  0 ,  2 0 1 0  > 
WR I T E C l 0 , 2 0 1 0 )  J J , A T , A T S A D , A T S A , A C l , A H Q  
WR I T E  C l  0 ,  2 0 1 0  > 
W R I T E C l 0 , 2 0 1 0 )  J J , A V G T S A , A V G H Q , CO O L  
E N D  
0 . 0 0 1 2  
0 . 0 1 8 0  
0 . 0 1 5 0  
0 . 0 0 1 1  
l . 0 0 0 0  
- . 8 0 9 8 
0 . 1 3 5 7  
- . 0 0 0 7 
0 . 0 3 5 3  
0 . 1 0 9  
2 . 0 0 0 0  
0 . 0 0 4 3  
0 . 0 3 8 5  
0 . 0 2 0 2  
0 . 0 0 0 7  
1 . 0 0 0 0  
- .  7 3 1 4  
0 . 1 0 6 1  
- . 0 0 0 3  
0 . 0 6 3 7  
0 . 1 7 0  
l . 0 0 0 0  
0 . 0 0 5 0 9  
0 . 0 2 6 4 4  
0 . 0 0 8 3 & 
0 . 0 0 0 1 0  
l .  0 0 0 0 0  
- . 5 9 6 0 2  
0 . 0 8 7 5 7  
- . 0 0 0 0 2 
0 . 0 4 0 0 1  
0 . 0 8 1  
3 . 0 0 0 0 0  
0 . 0 0 9 8 4  
0 . 0 3 8 1 0  
0 . 0 0 8 6 9  
0 . 0 0 0 0 3 
1 . 0 0 0 0 0  
- . 5 7 3 4 4  
0 . 0 8 0 7 4  
0 . 0 0 0 0 0  
0 . 0 5 6 6 6  
0 . 1 1 2  
2 . 0 0 0 0 0  
0 . 0 2 0 6 9  
0 . 0 6 3 6 9  
0 . 0 1 1 3 1  
0 . 0 0 0 0 1  
1 . 0 0 0 0 0  
- . 5 3 1 8 7  
0 . 0 6 8 3 4  
0 . 0 0 0 0 0  
0 . 0 9 5 7 0  
0 . 1 7 8  
l .  0 0 0 0 0  
0 . 0 7 8 7 4  
0 . 1 8 1 8 5  
0 . 0 2 1 5 7 
0 . 0 0 0 0 1  
l . 0 0 0 0 0  
- . 3 7 7 5 9  
0 . 0 2 2 4 6  
0 . 0 0 0 0 0  
0 . 28 2 1 7  
0 . 4 3 8  
0 . 0 0 0 0 0  
B O  
B l  
8 2  
B 3  
D O  
D l  
D 2  
D 3  
c 
u 
I N S U L A T I O N  
A T T R I B U T E S  O F  A S H R A E  R O O F  1 2 2  
A T T R I B U T E S  O F  A S H R A E  R O O F  1 2 5  
A T T R I B U T ES O F  ASHRAE WA L L  1 3 6  
A T T R I BUTES O F  A S H R A E  WA L L  1 3 7  
A T T R I BUTES O F  ASHRAE  WA L L  1 3 8  
A T T R I B U T ES O F  A SH RAE WA L L  139 
For t ran File 8 f or 
Thermal Program 
4 6  
4 7  
/ M H V A C l l M / 
/ * S E T S  UP EXT R A C T  O F  S I N G L E  FAM I L Y  OWN ER O C C U P I ED D E T A C H E D  DW E L L I N G S * /  
/ M R E C O O E S  S E L E C T E D  V A R I A B L E S ,  C A L C U L A T E S  F I T T E D  V A L U E S M / 
/ * M O D I F I E D  B Y  J E F F R EY D U B I N  J A N U A RY , 1 9 8 3 ;  V A C S  V E R S I O N M /  
S T O R A G E  C O R E C l O O O O O >  E C S < 6 0 0 0 0 0 ) $  
P R O G R A M  N A C H V A C l l )  T A C B O N H , N EW >  L B C MA S T ER > $  
L I S T  C O R E C O F F >  T I M E C O F F >  T TY $  
S M P L I N C I , 4 0 3 0 ) $  
/ M C H A N G E S  A D D E D  O H  F E B R U A RY 1 , 1 98 3  M/ 
B = C S E Q H UM . E Q . 28 0 ) $  
S U M D E S = 8 8  B O C B >  R P $  W I H T D E S = 2 6  B O C B >  R P $  R A N G E = 2 1  B O C B >  R P $  
B = C S E Q N UM . E Q . 7 2 8 ) $  
S U M D E S = 9 4  B O C B >  R P $  W I N T D E S = 2 1  B O C B >  R P $  R A H G E = 2 1  B O C B >  R P $  
B = C S E Q N UM . E Q . 1 2 6 5 ) . 0 R . C S E Q N UM . E Q . 1 2 6 8 ) $  
S U M D E S = 9 1  B O C 8 )  R P $  W I H T D ES = l 3  8 0 ( 8 )  R P $  R A H G E = 28 8 0 C B >  R P $  
B = C S E Q N UM . EQ . 2 1 1 3 ) $  
S U M D E S = 9 6  B O C B )  R P $  W I H T D E S =  6 8 0 ( 8 )  R P $  R A H G E = 3 2  8 0 ( 8 )  R P $  
B = C S EQ N UM . EQ . 2 6 7 8 ) $  
S UM D E S = 7 9 8 0 ( 8 )  R P $  W I H T D ES = 28 B O C 8 >  R P $  R A H G E = l 9  8 0 C 8 >  R P $  
8 = C S E Q H U M . E Q . 2 8 7 1 ) $  
S U M D E S = 9 J  8 0 C B >  RP$  W I N T D E S =  4 8 0 ( 8 )  R P $  R A H G E = 3 1  8 0 ( 8 )  R P $  
B = C S E Q N UM . G E . 1 2 9 8 ) . A N D . C S EQ N UM . L E . 1 3 0 9 ) $  
S U M D E S = 8 7  B O C B >  R P $  
/ * E N D  O F  L A T E S T  C H A N G ES * /  
B = C S E Q H U M . E Q . 1 4 8 ) . 0 R . C S E Q N UM . E Q . 4 8 9 ) $  
W I H T D E S = ? 6  8 0 ( 8 )  R P $  
S U M D E S � � �  8 0 ( 8 )  R P $  
R A H G E = 2 1  8 0 ( 8 )  R P $  
B = < C S E Q H UM . G E . 6 8 2 > . A H D . C S E Q N U M . L E . 7 4 5 ) ) . 0 R .  
C C S EQ H UM . G E . 8 9 1 > . A H D . C S E Q H U M . L E . 1 2 5 7 ) ) . 0 R .  
C C S EQ H UM . G E . 1 28 0 J . A H O . C S E Q H UM . L E . 1 J 0 9 ) ) $  
M E A H S M A T = l 0 2  B O C B >  R P $  
M E A N S I N S T = l 0 9  8 0 C 8 )  R P $  
B = C C S E Q N UM . G E . 7 4 6 > . A H D . C S E Q N UM . L E . 8 2 2 > > . 0 R .  
C C S E Q N UM . G E . 2 5 0 6 ) . A H D . C S EQ H UM . L E . 2 5 5 9 ) ) $  
M E A H S M A T = l 0 3  B O < B >  P P $  
B = C C S E Q H U M . G E . 4 5 3 ) . A N D . C S E Q N UM . L E . 8 9 0 ) ) . 0 R .  
C C S EQ N UM . G E . 3 2 2 2 > . A N D . C S E Q H UM . L E . 3 7 5 3 ) ) $  
M E A N S M A T = l O O  B O < B >  R P $  
8 = C S E Q N UM . G E . 1 2 5 8 ) . A N D . C S E Q N UM . L E . 1 2 7 9 ) $  
M E A N S M A T = l O l  B O C B >  R P $  
M E A N S I N S T = l l l  8 0 C B )  R P $  
B = C C S E Q N UM . G E . l J l O l . A H D . C S E Q N UM . L E . 1 9 6 9 > > . 0 R .  
C C S E Q N UM . G E . 2 1 5 1 ) . A N D . C S E Q H UM . L E . 2 2 6 1 ) ) $  
M E A N S M A T = l O l  B O C B )  R P $  
M E A N S I N S T = l l 4  8 0 C B >  R P $ 
B = C S E Q N UM . EQ . 1 5 9 1 > . 0 R . C S E Q N UM . EQ . 1 7 28 ) $  
W I H T D E S = 2 8  B O C 8 >  R P $  
S U M D E S = 7 9  8 0 ( 8 )  R P $  
R A H G E = l 9  8 0 ( 8 )  R P $  
B = < < S E Q N UM . G E . 1 9 7 0 ) . A N D . C S E Q N UM . L E . 2 1 5 0 ) ) . 0 R .  
C C S E Q H UM . G E . 2 6 0 6 J . A N D . C S E Q N U M . L E . 2 6 7 2 ) ) . 0 R .  
C C S E Q H UM . G E . 2 7 1 8 > . A N D . C S E Q H U M . L E . 2 7 3 8 ) ) . 0 R . 
C C S E Q N UM . G E . 3 1 6 4 ) . A N D . C S E Q N U M . L E . 3 1 9 3 ) ) . 0 R .  
C C S E Q N U M . aE . 3 7 5 4 > . A N O . C S E Q N U M . L E . 3 8 6 6 ) ) $ 
M E A N S M A T = l 0 3  B O C B >  R P $  
M E A H S I H S T = l 0 5  8 0 ( 8 )  R P $  
B = C C S E Q N UM . G E . 2 2 6 2 > . A H D . C S E Q H UM . L E . 2 5 0 5 ) ) . 0 R .  
C C S E Q N UM . G E . 2 5 6 0 > . A N D . C S E Q N UM . L E . 2 6 0 5 ) ) . 0 R .  
C C S E Q N UM . G E . 267 3 > . A N D . C S E Q N U M . L E . 2 7 1 7 ) ) . 0 R .  
C C S E Q H U M . G E . 2 7 3 9 ) . A N D . C S E Q N UM . L E . 2 7 4 8 ) ) $  
M E A N S M A T = l O l  B O C B >  R P S  
8 = C C S E Q N U M . G E . 2 7 4 9 J . A N D . C S E Q N UM . L E . 3 1 6 3 ) J . O R .  
C C S E Q N UM . G E . 3 8 9 6 ) . A H D . C S E Q H UM . L E . 4 0 3 0 ) ) $  
M E A H S I N S T = 9 6  B O C B >  R P $  
B = C S E Q H U M . E Q . 3 5 6 2 ) $  
W I H T D E S = - 7  B O C B >  R P $  
5 U f 1 D E 5 = 8 9  B O C B J  R P $  
R A H G E = 3 6 B O C B >  R P $  
R E C O D E  V I C W I H T D E S J V O C W 9 9 T )  C I C 9 9 9 )  C O C MD J $  
R EC O D E  V I C S U M D E S ) V O C S D D B J C I C 0 , 9 9 9 )  C O C M D , MD ) $  
R E C O D E  V I C R A N G E J  V O C S O D R l C I C 9 9 l  C O C M D J $  
R E C O D E  V I C N S HWR J V O C B A T H S J C I C 8 , 9 l  C O C M D , MD > $  
R E C O D E  V I C R C E I L J  C I C 0 , 9 9 9 9 ) C O C M D , M O J $  
R E C O D E  V I C S P A C E J  C I C 9 9 9 9 8 , 9 9 9 9 9 l C O C M D , MD J $  
48 
R E C O D E  V I C YR B L T >  V O C Y E A R B T J C I C l  2 3 4 5 6 7 8 9 1 0  1 1  1 2  1 3  1 4  1 5  9 8  9 9 )  
C O C O  5 1 5  2 5  3 5  4 5  5 5  6 2  6 7  7 2  7 5  7 6  7 7  7 8  7 9  M D  M O ) $  
R E C O D E  V I C I N C OM E >  V O C I N C OM E l  C I C 1 2 3 4 5 6 7 8 9 1 0  1 1  1 2  1 3  1 4  9 7  9 8  9 9 )  
C O C 1 . 5  4 6 . 5  9 1 1  1 3 . 5  1 7 . 5  2 2 . 5  2 7 . 5  3 2 . 5  3 7 . 5  4 2 . 5  4 7 . 5  6 0  M D  M D  MD > $  
R EC O D E  V I C EX T I H S l >  V O C H I NW A l l l  C I C l  2 3 4 5 9 )  C O C . 6 5 6  . 6 5 6  . 6 5 6  l 1 . 6 5 6 ) $  
R E C O D E  V I C N U M R E S J  V O C H H S L DM EM J  C I C 9 8 , 9 9 )  C O C M D , MD J $  
R E C O D E  V I C N D R S U >  V O C H D O O R S > C I C 8 , 9 ) C O C MO , MD J $  
R E C O D E  V l ( N U M F L R S ) C I C ? 8 , 9 9 )  C O C M D , MD ) $  
F L O O R S = C C H U M F L R S . EQ . 3 > . 0 R . C H U M F L R S . E Q . l ) ) M l + C H UM F L R S . EQ . 4 ) * 1 . 5  
+ l C H U M F L R S . EQ . 5 J . O R . C H UM F L R S . EQ . 2 ) ) M 2 + 
C H U M F L R S . E Q . 6 l * 2 . 5 H H U f1 F L R S . G E . 7 ) M 3 $  
R E C O D E  V I C N U N I T S ) V O C H R O OMS J C I C 9 8 , 9 9 )  C O C M D , M O J $  
L R O O M S = L O G C H R O O M S J $  
C O V A  V A C O W H R T ) P R C N O B  M E A J $  C O V A  V A C DWEL L )  P R C N O B  M EA l $  
C O V A  V A C T Y P A C J P R C N O B  M E A l $  
B O O L L = C OW N R T . E Q . l J . A N D . C DW E L L . EQ . 2 . ) . A N D .  
C T Y P A C . H E . l l . A N D . C T Y P A C . N E . 9 )  MD C 0 ) $  
C O = ! . $  
B R E G l = S T A T E . EQ . l  MD C O . ) $ 
B R E G 2 = S T A T E . E Q . 2  M D C O . ) $ 
B R E G 3 = S T A T E . EQ . 3  M D C O . ) $  
B R E G 4 = S T A T E . EQ . 4  M D C O . ) $ 
/ M  M / 
/ * P R O C ED U R E S  U S ED TO F i l l  I N  M I S S I N G  O B S ER V A T I O N S  A N D  C H ECK R E S U L T S */ 
/ M  M / 
D E F I N E  S T A T C A A , C C J $  
A A l = A A  M D C - 1 0 0 0 0 0 ) $  
R E D U C E  V I C A A l ) V O C MA X J  O P C MA X J $  
A A l = A A  M D C 1 0 0 0 0 0 ) $  
R E D U C E  V I C A A l J V O C M I N J  O P C M I H > $  
C O V A  V A C A A >  P R C N O B , M E A , S T D J  B O C CC ) $  
S M P L  I N C 1 , 1 > $  
· P R I N T  V A C M I N  MA X > $  
S M P L I N C l , 4 0 3 0 ) $  
E H D D E F $  
S T A T C B O O L L  •. C O > 
B O O L M I T = B O O L L K C Y E A R B T . G E . 6 2 ) $  
S T A T C B O O L M I T  , C O >  
R E C O D E  V I C M E A N S M A T , M E A N S I N S T > C I C O J  C O C MD > $  
S T A T C M E A H S M A T , C O >  
· S T A T C M E A H S I H S T , C O J  
� I H D EX = M E A H SM A T / 1 0 0 $  
I I H D E X = M E A N S I N S T / 1 0 0 $  
C O V A  V A C W 9 9 T > P R C N O B  M E A ) $  C O V A  V A C S O D R J P R C H O B  M E A > $  
C O V A  V MS D D B J p ri. < N O B  M EA l $  C O V A  V A C N H S L D' , EM >  P R C N 0 8  M EA > $  
C O V A  V A C M I N D EX >  P R C N O B  M E A J $ C O V A  V A C I I N D E X >  P R C N O B  M EA ) $  
B O O L l = B O O l l 11 ' l - u * W 9 9 T > * C l - O * S O DR > 11 C 1 - 0 11 S DD B ) ll C l - O ll H H S L DM E M ) 
11 ( l - 0 11 M I N D EX > 11 C l - O M I I N D EX > $ 
S T A  T C  B O O  L L ,  C O >  
/ II  II /  
D E F I N E  F I T C YY , ZZ , N N , B B , B B B , WW ) $ 
O L S Q  D V C YY >  R V C ZZ )  C F C 8 E T A )  8 0 ( 8 8 ) $ 
S M IP L  ! H C l , N N l $ 
M A T R I X  V A C B ET A )  D I C NN , 1 ) $ 
SMP L I N C l , 4 0 3 0 ) $  
M P R O D  V L C ZZ >  V R C B ET A > V O C WW ) $ 
B B B = l . - 0 . ll WW M D C O . ) $ 
WW=WW M D C O . ) $ 
E N D D E F $ 
R EC O D E  V I C L O CDUM ) C I C 9 ) C O C M D ) $ 
C L I M 2 = C L I M A T E . E Q . 2 $ 
C L I M 3 = C L I MA T E . E Q . 3 $ 
C L I M 4 = C L I MA T E . EQ . 4 $  
R EC O D E  V I C H D DA V )  V O C H D D 4 1 7 0 ) C I C 9 9 9 9 )  C O C M D ) $ 
R EC O D E  V I C C D DA V >  V O C C D D4 1 7 0 )  C I C 9 9 9 )  C O C M D ) $ 
S T A T C H D D A V , C O )  
� T A T C H D D 4 1 7 0 , C0 )  
S T A H C D DA V , C O )  
S T A T C C D D4 1 7 0 , C O )  
49 
R EC O D E  V I < L W I N DS , MW I N D S , SW I N D S , N L W I N D , NMWI N D , N S W I N D >  C I C 98 , 9 9 )  C O C MD , MD l $ SM S A = < L O C DUM . EQ . 1 ) $ 
n1 II /  
D E F I N E  U S U $  
B A T H S  F L O O R S  Y E A R B T  N D O O R S  L R O OM S  B R E G2 B R E G 3  B R EG4 H D D 4 1 7 0  C D D4 1 7 0  S M S A  
C L I M 2  C l l M 3  C L I M4 L W I N DS MW I N D S  S W I N DS 
E H D D E F$ 
/ II M / 
/ II II/ 
/ II  II/ 
/ H C A L CU L A T E  E S T I MA T E D  I N C H ES O F  A T T I C  I N S U L A T I O N  I F  N O T  R EP O R T ED*/ R EC O D E  V I C P E R I H S U L > C I C 8 , 9 )  C O C MD , MD > S  
R EC O D E  V I C F O A M C E I L , L O O S C E I L >  C I C 9 8 , 9 9 )  C O C MD , MD l $ 
B A T T C E I L = B A T T C E I L M C B A T T C E I L . L T . 3 5 . l + C - 9 9 . 0 ) ll ( B A T T C E I L . G E . 3 5 ) $ R E C O D E  V I C B A T T C E I L >  C I C - 9 9 . ) C O C MD ) $ 
H I H A T I N S = B A T T C E l l + FO A M C E I L + L O O S C E I L $ 
B l O = C P E R I N S U L . N E . 8 l . A N D . C P E R I N S U L . N E . 9 )  M D C 0 ) $ 
B l 2 = N I N A T I N S . l T . 9 0 .  MD C O . ) $ 
B A T T I C = B O O L L * B l 0 M B 1 2 $  
F I T C N I N A T I N S , ' L I S T l  H I NWA l l  C 0 ' , 1 9 , B A T T I C , B O O l l l , I N S A T l > B O O l l l = B O O l l l M B O O L L $ 
/ K N E E D  TO S E T  l H E  MD ' S  I N  N I NA T I N S  T O  Z E R O  B E F O R E  M I X I N G* / ' N l N A T I N S = N I N A i I N S  MD C O . ) $ 
I N S A T l = B l O M B 1 2 H H I H A T I N S + ( l - B l O M B 1 2 l M I N S A T l  8 0 C B O O l l l ) $ I N S A T I =M A X C O . , I H S A T l )  B O C B O O L l l l $  
I N S A T l =M I N C 1 7 . , I H S A T l )  L A C ' I N C H E S  A T T I C  I N S U L A T I O N ' >  B O C 8 0 0 l l l ) $ /'ti< II /  
S T A H B O O U l , C O )  
S T A T C H I S AT I . C O )  
S T A  T C  Dl� E l l , C O ) 
·s T A  T C  WH F U E L , C O ) 
S T A T C S P A C E , C O l  
S T A T I S P A C E , B O O L L )  
S T A T C B R E G l , B O O L L ) 
S T A T C B R EG 2 , B O U � l >  
S T A T C B R EG 3 , B O O L L )  
S T A T C B R E G 4 , B O O L L )  
S T A T C B A T T I C , B O O L L )  
S T A T C I N S A T l , B O O l l l )  
S T A T C H I N A T I N S , B O O L L L >  
S T A T C L O O S C E I L , B O O L L L )  
S T A T C B A T T C E I L , B O O L L L )  
S T A T C F O A M C E I L , B O O L L L > 
C O V A  V A C I N S A T l ,  N I N A T I N S ) P R C A l l ) B O C B A T T I C ) $ 
/ M II /  
S F E = S P A C E$ 
B O O l l l = B O O l l l M C l - O * S P A C E )  M D C 0 l $ 
/ M  M l 
/ * ES T I M A T E S Q U A R E  F E E T  O F  W I N DOWS BY T YP E M /  
S F L W I N D S = 4 5 11 L W I N D S $ 
S FMW I N D S = 2 5 M MW I N D S $ 
S F S W I N D S = 8 11 S W I H D 5 $ 
S F L S T RM = 4 5 * N L W I N D $  
S FM S T R M = 2 5 M NMW I N D $  
S F S S T R M = 8 M N S W I N D $  
S FW I = S F L W I N D S + S FMW I N D S + S FS W I N D S $ 
S T A T C S FW I , C O >  
S FW I = S FW I  M D C O > $ 
W I N D S = L W I N D S + SW I N D S + MW I N DS $ 
S T A T C w r n ;,s , CO )  
S F L H S T R N = S F L W I N D S - S F L S T RM MD C 0 ) $ 
S F S T RM = S F L S T RM+ S FM S T R M + S F S S T R M  M D C 0 ) $ 
S F N S T R M = S F W I - S F S T RM M D C O J $  
S F N S T RM = M AX C O , S FH S T RM > M D C 0 ) $ 
S F L N S T R M = M AX C O , S F L N S T R M J  M D C O J $ 
/ lE M /  
/ M C E I L I N G A N D  W A L L  S Q U A R E  F E E T  F R O M  R EG R ES S I O N S  O N  T YP I C A L  H O U S E S ll /  
S F C E I L = . 9 6 M C F L O O R S M * - . 8 1 5 ) M ( S F E H 11 l . 0 0 6 )  l A C ' S F C E I L I N G ' } $ 
S FW A L L = l 9 . 1 M C F L O O R S ll * . 9 2 ) M ( S F E H ll . 5 7 ) $ 
S F C E I L = M A X C 1 0 0 . , S F C t ! l l $  
S F C E I L =M I N ( ; O � u O . , S F C E l l ) $ 
S FW A L L = M A X C 3 2 0 . , S FWA L L ) $  
S FW A L L =M I N C 4 0 0 0 . , S FWA L L ) $ 
B E T A = S FW I / S FWA L L  M D C . 2 ) $ 
B = M I H C . 7 , B E T A ) $ 
B =M A X C . 0 3 , 8 ) $  
S FW I = B * S FW A U $ 
S Fl�ALL = < l . - B ) M S FWA L L  L A C ' S F  WA L L  EXC L U D I N G  W I N DOWS ' ) $ 
B = B E T A I B $ 
B = MA X C B ,  1 .  ) $ 
S F L S T R M = S F L S T RM/ B M D C O . ) $ 
S F L N S T R M = S F L N S T R M/ B MD C C . ) $ 
· S F S T R M = S F S T RM / B  M D C 0 ) $ 
S F H S T R M = S F H S T RM / B  M D C O . ) $ 
/II II /  
/ M C U B I C  F E E T M/ 
V O L = 8 . 9 4 M C F L O O R S ll M . 8 ) M C S F C E I L 11 11 . 98 )  l A C ' V O L UMH I N  CU B I C  F E E T ' > $ 
V O L = M A X C 8 0 0 . , V O L ) $  
V O L =M I N C 9 0 0 0 0 . , V O L > $ 
/ M l U  
/ M P I P E ,  D U C T , A N D  C H I M N EY * / 
I ll M /  
R E G = 2 . 5 5 + 1 . 0 7 M N R O OM S + . 0 0 3 M S F E  L A C ' H U M B E R  R E G I S T ER S ' ) $ 
DU C T = 3 . 8 9 M R E G + . 0 6 7 M S F E  L A C ' l F  D U CT ' ) $ 
P I P E= 0 . 1 4 2 11 S F F- • l . 0 3 L A C ' L F  P I P E ' ) $  
so 
C H I M L F = l 6 + 8 . 5 M F L O O R S  L A C ' L F V E N T  C H I M N EY ' > $  
/ M  M l 
/ * I N S U L A T I O N R - V A L U ES M /  
R I N S C E I L = 3 . M I N S A T 1 $  
R I N S C E I L =M A X C . 8 5 , R I N S C E I L >  L A C ' C E I L I N G  I N S U L A T I O N  R - V A L U E ' ) $ 
R I N S W A L L = C l . + . 0 0 1 M H D D 4 1 7 0 ) M H I NW A L L $  
R I N S WA L L =M AX C . 9 4 , R I N S WA L L > L A C ' WA L L  I N S U L A T I O N  R - V A L U E ' ) $ 
S T A T C S FC E I L , B O O L L L > 
S T A T C S FW A L L , B O O L L L >  
S T A T C S F W I , B O O L L L >  
S T A T C S F S T R M , B O O L L L >  
S T A T C S F N S T R M , B O O L L L ) 
S T A T C S F L S T RM , B O O L L L > 
S T A T C S F L N S T R M , B O O L L L >  
S T A T C R I N S C E I L , B O O L L L )  
S T A T C R C E I L , B O O L L L ) 
S T A T C R I N S W A L L , B O O L L L >  
S T A T C W I N DS , B O O L L L >  
S T A T C P I P E , B O O L L L >  
S T A T C D U C T , B O O L L L >  
S T A T C C H I M L F , B O O L L L >  
S T A  TC R E G ,  B O O  L L  L >  
S T A  TC V O L , B O O L L L > 
S T A T C F L O O R S , B O O L L L > 
S T A T C B A T H S , B O O L L L ) 
S T A T C H R O O M S , B O O L L L >  
C O V A  V A C S F C E I L  S FWA L L  R I N S C E I L  R I N SW A L L  S FW I  V O L > P R C A L L ) $  
C O V A  V A C R C E I L , R I N S C E I L >  P R C A L L > $  
B O O L L L = B O O L L L  L A C ' S F O W N  N O A C  W I T H  E S T . I N S U L ' ) $ 
S T O R E  V A C B O O L L L > $  
S D D B = S D D B  L A C ' S U M M E R  D E S I GN T EMP E R A T U R E ' > $  
W 9 9 T = W 9 9 T  L A C ' W I N T E R  D E S I G N T EM P E R A T U R E ' ) $  
S O D R = S O D R  L A C ' S UMM ER O U T D O O R  D A I L Y  T EMP R A N G E ' ) $ 
M I N D EX = M I N D EX L A C ' M E A N S  M A T E R I A L  I N D EX / 1 0 0 ' ) $  
I I N D E X = I I N D E X  L A C ' M E A N S  I N S U L A T I O N  J H D E X/ 1 0 0 ' ) $ 
H DD 4 1 7 0 = H D D4 1 7 0  L A C ' H E A T  D E G R E E  D A Y S  3 0  Y E A R  A V ER ' > $  
C D D 4 1 7 0 = C D D 4 1 7 0  L A C ' C O O L  D E G R E E  D A Y S  3 0  Y E A R  A V ER ' ) $  
N R O O M S = N R O OM S  L A C ' NU M B E R  O F  R O O M S  I N  L I V I N G  S P A C E ' > $ 
N H S L DM EM = N H S L D M E M  L A C  ' T O T A L  N Ul l B E R  O F  R E S I D E N T S ' ) $ 
H D O O R S = H D O O R S  L A C ' N U M B E R  O F  D O O R S  T O  U N H E A T E D  A R EA ' ) $ 
H I HW A L L = H I NWA L L  L A C ' A M T  O F  E X T  W A L L  I N S U L ' l $ 
C O MP R E S S  V I C S D D 8 , W 9 9 T , S O D R , M I N D EX , I I H D EX , H D D 4 1 7 0 , C D D 4 1 7 0 , N R O O M S , 
N H S L DM EM ,  N D O O R S  , ll i tlWA L L > B O C  B O O  L L  L > $  
S T O R E  V A C S D D B , W 9 9 T , S O D R , M I H D EX , I I N D EX , H D D 4 1 7 0 , C D D 4 1 7 0 , N R O OM S , 
H H S L DM EM , N D O O R S , H I HW A L L ) $  
E C S O O N = EC S O O N  L A C ' R A T E S  F O R  5 0 0  KWH F R O M  T E B ' ) $  
E C l O O O H = E C l O O O H  L A C ' R A T E S F O R  1 0 0 0  KWH F R O M  T E 8 ' ) $ 
· E C S O O = E C S O O  L A C ' C O S T  O F  5 0 0  K W H  Y E A R  DW E L L I N G B U I L T ' > $ 
E C l O O O = E C l O O O  L A C ' C O S T  O F  1 0 0 0  K W H  Y E A R  DW E L L I N G B U I L T ' ) $ 
T O T G A S = T O T G A S  L A C ' T O T A L  T H E R M S  C O N S U M E D  F O R  Y E A R ' ) $  
T O T E L E C = T O T E L EC L A C ' T O T A L  K W H  C O N S UM E D  F O R  Y E A R ' ) $  
A G E H E A D = A G E H E A D  L A C ' A G E  O F  H E A D  O F  H O U S E H O L D  I N  Y E A R S ' ) $ 
E D U C = E D U C  L A C  ' L E V E L  O F  E D U C - M E A D  O F  H O U S El l O L D '  ) $  
M P E L E C = M P E L E C  L A C ' U N I T  C O S T  O F  E L E C T R I C I T Y ' ) $  
S E X = S EX L A C ' S EX O F  R E S P O N D E H T ' ) $ 
' O C C U P = O C C U P  L A C ' T I H E  P E R I O D  H O U S E H O L D  I S  O C C U P I E D ' ) $  '1m r U E L  = lJ l l F U E L  L A C ' T Y P E O F  F U E L  U S E D  F O R  ll E A  T I N G W A T E R . ) $ 
W H F U R H = \IO F U R H  L A C ' �J A T  H E . H  lH TH F U R N  O R  • E T A C H ' > $  
A G EWH = A G E!1 1 1  L A C  ' A G E  O t=  !H A E R  H E A T E R  l tl Y t:A R S ' ) $  
HUP I P I N S � HWP I Pl � S  L A C ' H O T  W A T E R  P I P E S A R E  I N S U L A T E D ' ) $  
5 1  
F U E L T Y P = F U E L T� P  L A C ' TY P E  O F  F U E L  M A I N  H EA T  S Y S T EM ' ) $  
R E S I DY = R E S I DY L A C ' B E G I H N I N G  Y E A R  O F  P R E S E N T  R E S I D E N C E ' ) $ 
C O M P R E S S  V I C N G 6 4 , N G 6 9 , H G 7 4 , H G 7 5 , H G 7 6 , N G 7 7 , H G 7 8 , N G 7 9 , H G C O , FN 1 , F H 2 ,  
E C 5 0 0 H , E C l O O O N , E C 5 0 0 , E C l O O O , T O T G A S , T O T E L E C , A G E H E A D , E D U C , 
M P E L E C , S E X , O C C U P , WH F U E L , WH F U R N , A G EW H , HWP I P I H S , F U E L T Y P , H EA T M N , R E S I DY >  
B O C B O O L L L > S  
. 
S T O R E  V A C H G 6 4 , H G 6 9 , N G 7 4 , H G 7 5 , N G 7 6 , H G 7 7 , H G 7 8 , N G 7 9 , H G C O , FH 1 , F H 2 , 
E C 5 0 0 N , E C l O O O H , E C 5 0 0 , EC l O O O , T O T G A S , T O T E L EC , A G E H E A D , E D U C , 
M P E L E C , S E X , O C C U P , WH F U E L , W H F U R H , A G EWH , H WP I P I HS , F U E L T Y P , H EA TM H , R E S I DY > $  
Y E A R B T = Y EA R B T  L A C  ' Y E A R  D U E L L I N G  B U i l  T '  ) $  
I N C O M E = I N C O M E  L A C ' C O M B I H E D  1 9 7 8  I N C O M E ' > $  
F L O O R S = F L O O R S  L A C ' T O T A L  N U M B E R  O F  F L O O R S ' ) $ 
B A T H S = B A T H S  L A C ' N U M B E R  O F  S H O W E R  F A C  I N  H O M E ' ) $  
B R E G l = B R E G l  L A C ' S T A T E  1 ' ) $ 
B R E G 2 = B R EG 2  L A C ' S T A T E  2 ' ) $ 
B R E G 3 = B R E G 3  L A C ' S T A T E  3 ' ) $  
B R E G 4 = B R E G 4  L A C ' S T A T E  4 ' ) $ 
S M S A = S M S A  L A C ' T YP E O F  H O M E  L O C A T I O N ' > $  
I H S A T l = I N S A T l  l A C ' l N C H E S  A T T I C  I N S U L A T I O N ' ) $  
s r w r = S FW I  L A C ' H UMB E R  O F  S Q U A R E  F E E T  O F  A l l  W I N D O W S ' ) $ 
S F S T R M = S F S T R M L A C ' S Q U A R E  F E E T  O F  S T O RM E D  W I N D O W S ' ) $ 
S F N S T RM = S F N S T R M  L A C ' S Q U A R E  F E E T  O F  H O H - S T O RM E D  W I N D O W S ' ) $ 
S F L S T R M = S F L S T R M  L A C ' S Q U A R E  F E E T  O F  L A R G E  S T O RM W I N D O W S , D O O R S 1 ) $  
S F L H S T R M = S F L N S T R M  L A C ' S Q U A R E  F E E T  O F  L A R G E  N O H - S T O R M  W I N D O WS ' ) $  
S F C E I L = S F C E I L L A C ' S Q U A R E  F E E T  C E I L I N G ' ) $  
S FW A l l = S FW A l l  L A C ' S Q U A R E  F E E T  W A L L S ' ) $ 
V O L = V O L  L A C ' V O L U M E  I N  C U B I C  F E E T ' ) $  
R I N S C E I L = R I H S C E I L L A C ' C E I L I H G  I N S U L A T I O N  R - V A L U E ' > $ 
R I H S W A L L = R I N S W A L L L A C ' W A L L  I N S U L A T I O N  R - V A L U E ' ) $  
P I P E = P I P E  L A C ' L I N E A L  F E E T  P I P E ' ) $  
D U C T = D U C T  L A C ' L I H E A L  F E E T  D U C T ' ) $ 
R E G = R E G  L A C ' H U M B E R  O F  R E G I S T E R S ' ) $ 
C H I M L F = C H I M L F L A C ' L I H E A R  F E E T  O F  V EN T  C H I M N EY ' ) $  
D E F I N E  L I S T 3 $  
I N C O M E  F L O O R S  B A T H S  B R E G l  B R EG 2  B R E G 3  B R E G 4  S M S A  
S F E  I N S A T l  S FW I  S F S T R M S F N S T R M  S F L S T R M  S F L N S T RM 
S F C E I L  S FW A L L  V O L  R I N S C E I L R I N S WA L L  P I P E  D U C T  R EG 
E L E C D S ll W  C H I M L F  R C E I L  Y E A R B T  S E Q H UM 
E N D D E F S  
C O M P R E S S  V I C L I S T 3 >  B O C B O O L L L ) $  
S T O R E  V A C L I S T 3 ) $  
E N D  P R C D I R E C T > $  
52 
S T O R A G E  C O R E C l O O O O O l  E C S C 2 5 0 0 0 0 l $  
L I S T C O R E C O F F l  T I M E C O F F l S  
P R O G R A M  N A C H V A C 1 2 5 l T A C B O N H J $  
S �1 P L  HI C I . 1 7 7 3 ) $  
R E C O D E  V I C H D D 4 1 7 0 , C D D4 1 7 0 )  V O C H D D , C D D l C J ( O . O l  C O C M D l $  
D E F I N E  B A D J $  
B P A R = C B T O P + B B O T l / 2 $  
D E L T A = l - EXP C - B P A R * C D D/ 3 6 5 l - EX P C - B P A R * H D D / 3 6 5 l $  
B T O P = C B T O P * < D E L T A . L T . O l l + C B P A R * C D E L T A . G E . 0 ) ) $ 
B B O T = < B B O T M C D E L T A . GT . O l l + C B P A R * C D E L T A . L E . 0 ) ) $ 
E N D D E F $  
B T O P = C L O G C 2 ) J M 3 6 5/ M I N C C D D , H DD ) $  
B B O T = C L O G C 2 ) ) M 3 6 5 / M AX C H O D , C D D l $  
B A DJ 
ll A D J  
B A D J 
B A D J 
B A D J  
B A D J  
B A D J  
B A D J  
B A D J  
B A D J  
B A DJ 
B A D J  
B A D J  
B A D J 
IB A D J  
B A D J  
B A DJ 
B A D J  
B A D J  
D E L T A = C B T O P - B B O T l / 2 $ 
A P A R = B P A R * C ( H P O - C D 0 ) / 3 6 5 . - 6 5 . ) $ 
T M E A N = - l . O M A P A R / B P A R $  
B = l . - 0 . M T M E A H  M D C O . ) $ 
T M E A H = T M E A H  M D C O . ) $ 
T M EA H = T M E A H * B  + < 6 5 . 0  - H O D 4 1 7 0 / 3 6 5  + C D D 4 1 7 0 / 3 6 5 ) M C 1 - B l $  
L A M = A P A R + 8 P A R M 7 0 . $  
B 1 = C l  A M . l T .  0 .  ) $ 
B 2 = C L A M . G E . 0 ) . A H D . C L A M . L T . l l $ 
B 3 = C L A M . G E . l ) . A H D . C L A M . L T . 2 l $  
B 4 = C L AM . G E . 2 J . A H D . C L A M . L T . 3 ) $  
B 5 = C L A M . G T . 3 l . A H D . C L A M . L T . 1 0 J $  
B 6 = C L AM . G T . 1 0 l . A N D . C L AM . L T . 2 5 ) $  
B 7 = C L A M . G T . 2 5 l $  
C O V A  V A C B l 8 2  8 3  8 4  8 5  B 6  8 7 )  P R C H 0 8 , M E A , S T D l $  
· C O V A  V A C A P A R  B P A R  L A M  D E L T A l  P R C M E A , S T D J $  
C O V A  V A C T M E A N J P R C N O B  M E A  S T D l $  
S T O R E  V A C A P A R  B P A R  l M E A N l $  
E H D $  
53  54  
/ l! ll V /\ C l 3 l U 
/ I C /I L C U L A T E S H E A T I N G  � H D  C O O L i l l G  E Q U I P  C A P A C  A H O  D E S I G N  EXP E C T E D  U S E* /  / M P R O G R A M  M O D I F I E D F O R  B O N N E V I L L E  D A T A  S E T * /  
S T O R A G E  C O R E C l O O O O O l E C S < 3 5 0 0 0 0 l $  
L I S T  T I M E C O F F )  C O R E C O F F )  T T Y $  
P R O G R AM N A C H V A C 1 3 l  T A C B O N N J $  
5MP L I H C l ,  1 7 7 3 ) $  
D E F I N E  5 T A T C A A , C C l $  
A A l = A A  M D C - 1 0 0 0 0 0 ) $  
R E D U C E  V I C A A l l V O C M AX l O P C M A X l  B O C C C l $  
A A l = A A  M D C 1 0 0 0 0 0 l $  
R E D U C E  V I C A A l l V O C M I H l  O P C M I H l  B O C C C l $  
C O V A  V A C A A l  P R C H O B , M E A , S T D l  B O C C C ) $  
S M P  L I H  C L l l  $ 
P R I N T  V A C M I H  M A X ) $  
S M P L I H C l , 1 7 7 3 ) $  
E tl D D E F $  
R E C O D E  V I C H D D 4 1 7 0 , C D D 4 1 7 0 l  C I C O . )  C O C M D l $  
T I G H T = ! $  
C O = l $  
S D T EM P D = S D D B - 7 5 $  
W D T EMP D = 7 5 - W 9 9 T $  
C O V A  V A C T I G H T . S D T EMP D , W D T EMP D l P R C N O B , M E A , S T D J S 
I * * / 
l * R E S I S T E H C E S * /  
R E S W A L L = C 2 . 8 5 + R I N S W A L L ) / ( . 9 3 9 4 + . 0 l 3 8 M R I N S WA L L > $  
R E S C E I L W = 3 . 8 3 4 + . 9 4 3 • R I H S C E I L $  
U E F F l = C 0 . 3 7 6 9 + 0 . 0 0 6 3 6 � R I H S C E I L ) / C 2 . 0 9 7 + 0 . 6 0 8 * R I H S C E i l l $  
U E F F 2 = C 0 . 1 7 3 8 9 + 0 . 0 0 2 9 3 • R I N S C E i l l / C 2 . 0 9 7 + 0 . 6 0 8 * R I N 5 C E I L l $  
S T A T C R E S �J A L L , C O l  
S T A T C R E S C E I L W , C O l  
S T A T C U E F F l , C O l  
S T A T C U E F F 2 , C O l  
Z G L A S S = C C S F L S T RM/ l . 3 2 J + C S F L N S T RM/ . 8 8 J ) $  
Z G L A S R W = C S F S T RM - S F L S T RM l / 2 . 7 8 + C S F H S T RM - S F L N S T RM J / . 9 8 $  
S f A T < Z G L A S S , C O l  
S T A T C Z G L A S RtJ , C O l  
I H F I L l = T I G H T * C l . 1 4 - . 2 8 * C S F S T RM l / S FW I J $  
I N F I L 2 = . 0 0 8 3 3 M I H F I L 1 $  
I N F I L 1 = . 5 7 5 M I N F I L 1 $  
I H T E R N A L = l 2 0 0 + 2 2 5 M H H S L DM EM L A C ' S E N S I B L E  H E A T  G A I N ' ) $ 
/ M * /  
/ M H E A T  L O S S  A N D  G A I N  C O E F F I C I E N T S * /  
W O = S F C E I L • C 3 . 8 8 - 0 . 0 2 9 9 M W 9 9 T ) $  
W l = C S FWA L L / R E S W A L L l + C S F C E I L / R ES C E I L W l + Z G L A S RW 
+ Z G L A S S + . 0 1 8 � V O L * I H F I L 1 $  
W 2 = . 0 1 8 N V O L * I N F I L 2 $ 
' S T A T UJ O , C O l  
S T A T < W l , C O l  
S T A H hJ 2 , C O l  
S O = C C S FW A L L / R E S W A L L l • C 2 6 . 2 7 + 0 . 3 1 9 6 M S O D R l + S F C E I L • U E F F l • C 2 5 . 3 5 +  
0 . 2 8 2 0 M S O DR l + I N T E R N A L  + 3 0 • C S FW I - S F L S T R M J  + 2 7 * S F L S T RM l • l . 2 5 $  
S l = C l . 0 0 5 0 N C S FW A L L / R E S � A L L l  + S F C E I L • U E F F l • 0 . 9 9 5 8  + S F C E I L * U E F F 2  + 
0 . 8 • C S FW I - S F L S T RM l  + 0 . 6 M S F L S T RM + 0 . 0 0 7 4 2 3 M V O L J • l . 2 5 $  
S 2 = 0 . 0 0 0 1 5 * V O L M 1 . 2 5 $  
S H H  S O  , C O l  
S T A H S l . C O l  
S T A T C S 2 , C O l  
/' It  u 
/ M DE51 G H  CAP� c ,i r Es � 1  
S H E A T N = C W O + W D T EMP D • C W l + H D T EM P D * W 2 l l / l 0 0 0 $  
S H E A T P = S H E A T N + . O l l 2 8 * P I P E $  
S H E A  r n ·  c d E A  T N + . 0 2 4 9 *  D1J C T $  
R A D H L F = � H E A T N / . 6 4 5 $  
R A D E L F = S H E A T N / . 6 3 9 4 $  
A C H E A T = C S O + S D T EM P D • C S l + S D T EM P D • S 2 J J / l 0 0 0 $  
/ 'A II / 
' * S E A S O N A L  H E A T I N G  E F F I C I E N C I E S * /  
C O P G = . 4 6 + . 0 1 4 6 • H D D4 1 7 0 / 3 6 5 $  
C O P 0 = . 4 0 4 + . 0 l 3 • H D D 4 1 7 0 / 3 6 5 $  
C O P H P = l . 9 4 + 1 0 4 0 . 2 5/ H D D 4 1 7 0 + 3 5 0 . 4 / C D D4 1 7 0 - . 0 0 0 1 2 6 11 H D D4 1 7 0  
- . 0 0 0 2 2 2 * C D D 4 1 7 0 $  
C O P A C = 3 . 4 4 + � 1 1  5 6 / H :J D 4 1 7 0 + 4 4 8 . 9 5 / C D D 4 1 7 0 - . 0 0 0 0 9 3 6 • H D D 4 1 7 0  
- . O O U 1 0 4 1 N C D D 4 1 7 0 $  
5 5  
/ *  T EM P E R A T U R E  P R O F I L E S T O  C R E A T E  A P A R  A N D  B P A R  A R E  C O N S T R U C T ED I N  M /  
/ II  H V A C 1 2 5  II /  
' *  S E A S O N A L  D E S I G N U S E  * ' 
' *  * '  
D E F I N E  GAMMA C R R R , G G G ) $  
T EMP l = M A X C O . , R R R J $ 
T EM P 2 = E X P C - T EMP 1 J $  
G G G = T EM P 2 • . 0 0 6 4 3 1 6 9 • C EX P C 5 . N R R R ) - l . ) $ 
G G G = T E M P 2 • C - . 0 3 4 0 1 5 6 9 • C EXP C 4 . * R R R J - l . l + G G G l $  
G G G = T EM P 2 • C . 0 9 6 4 9 1 5 9 * C EXP C 3 . * R R R l - l . l + G G G l $  
G G G = T EMP 2 M ( - . 2 4 5 9 5 4 � 8 * C EXP C 2 . • R R R J - l . l + G G G l $  
G G G = T EM P 2 • C . 9 9 9 4 9 5 5 6 * C EX P C R R R J - l . J + G G G J $  
G G G =  C T EMP l * T EM P l / 2 . l, + .  8 2 2 4 6  7 0 3 + G G G $  
E H D D E F $  
' * * ' 
D E F I N E  H E A T C R R R 1 . c o , c 1 . c 2 . H H H J $  
H H H = C O / C l . + EX P C - R R R l l ) $ 
H H H = H H H + C l • C L O G C l + EXP C RR R l l J J / D P A R $  
.; A M M A C R R R L G G l  
H H H = ll H H + 2 . lE C 2 * G G / C B P A R • B P A R J $  
E N DD E F $  
' *  * '  
/ • C A L C U L A T E  H EA T I N G  U E C . F I R S T  A D A L A tl C E  I N S I D E - O U T S I D E  T EM P E R A T U R E  * '  
/ l! D I F F E R E N T I A L  L A M  I S  C A L C U L A T E D . T H I S  Q U A N T I T Y  I S  I N D E P E N D E N T  O F  II /  
/ M T H E  T H E R M O S T A T  S ET T I H G . T H E N W l  A N D  W O  C O E F F I E I E N T S  A R E  R E D E F I N E D II /  
/ l! S O  H E A T  G I V E S T ll E  A V E R A G E  O F  Q O V E R  T H E  T EM P E R A T U R E  D I S T R I B U T I O N  II/ 
/ * U P  T O  T H E  B A L Ml C E  T Er 1 P E R l\ T U R E .  N O T E  T H A T  T H E  E tl E R GY C O S T  O F  A O N E  II/ 
/ M D E G R E E  T H ER MO S T A T  I N C R E A S E  I S  S I M P L E  T O  C O MP U T E  B EC A U S E  B A L A N C E  M /  
/ * T EM P E R A T U R E  R I S ES O N E  D E GR E E ,  B A L A N C E  D I F F ER EN T I A L  I S U N C H A N G ED . * ' 
/ M  * /  
/ M  H E A T I N G  U E C  C A L C U L A T I O N  M /  
/ M  L AM =  ( B A L A N C E  T B W  - I N S I D E  T EM P . )  M /  
W O  = 1·1 0 - I H T  E R N A L  $ 
L AM = W l * C l - C l - 4 • W 2 * C M I N C W 0 , 0 ) ) / ( W l M M 2 ) J ll ll . 5 ) / ( 2 M W2 J $  
W O A =  C W O . L T . O . O J M O . O  + C W O . G E . 0 . 0 l • W O $  
W l A = W l + W2 • 2 • C - l . O * L AM l $  
W 2 A = W 2 $  
S T A T C W O , C O >  S T A T C W O A , C O l  S T A T C W l A , C O )  S T A T C W2 A , C 0 l  S T A T C L A M , C O )  
L AM = A P A R + B P A R • C 7 0 + L AM l $  
H E A T C L AM , W O A , W l A , W2 A , S H U EC E J  
l A M = l AM + B P A R $  
H E A T C L A M , W O A , W l A , W Z A , D S H U EC E J  
/ II l V  
/ *  E V A L U A T E  H E A T I N G  U S A G E  A T  M E A N  T EM P . Wll E H  C D D 4 1 7 0  = 0 . 0  II /  
A S H U E  = N O A + W l A M C 7 0 . - T M E A N J + H 2 A ll C 7 0 . - T M E A H ) K ( 7 0 . - T M E A H l $  
A D S H U E = W O A  + l ! I A • C 7 1 . - T M EAH J + W 2 A * C 7 1 . -TMEA H l * C 7 1 . -T M E A N J $  
S T A T C A S ll U E , C O J  S T A T C A D S H U E , C O J  
B S H U E = l . - 0 . • S H U E C E  M D C O J $  
B D S ll U E = l . - O . • D S l l U E C E  M D C O J $  
R E C O D E  V I C S H U E C E  D S H U E C E J  C I C M D J  C O C O . ) $ 
S H U E C E =  B S ll U E • S H U E C E  + C l - B S H U E J • A S H U E  $ 
D S ll U E C E =  B D S H U E* D S ll U EC E  + ( 1 - B D S H U E J  * A D S H U E  $ 
' *  
S H U E C E = S H U E C E • 8 . 7 6 $  D S H U E C E = D S H U EC El! 8 . 7 6 $  
D S ll U E C E = D S H U E C E - S H U E C E $  
S H U E C G = S H U E C E/ C O P G $  
- S H U E C ti = S ll U E C E/ C O P O $  
S H U E C H P = S H U E C E / C O P H P $  
D S H U E C G = D S H U E C E/ C O P G S  
D S H U E C O = D S H U E C E/ C O P O $  
D S H U E CH P = D S H U EC E/ C O P H P $  
S H U C E = S H U E C E $  
S l l U C G = S H U  E C G $  
S ll U C O = S H U  E C O $  
S H U D E = S H U C E • S H E A T D / S H E A T N $  
S H U D G = S H U C G * S H E A T D/ S H E A T H $  
S H U D O = S H U C O • S H E A T D I S H E A T H $  
S H U P E = S H U C E M S H E A T P / S H E A T N S  
S H U P G = S l l U C G * S H E A T P / S H E A TN $ 
S H U P O = S H U C O • S H E A T P / S H E A T N S  
S H U l l P = S H U EC H P M S H E A T D/ S H E A T N $  
' *  A I R  C O O L I N G  U S A G E  * '  
5 6  
* '  
S O = C C S FW A L L / R E S W A L L J • C 3 6 2 . l - 0 . 9 6 3 8 M S O DR l / 2 4  + S F C E I L • U E F F 1 M C 3 5 5 . 6 -
l .  0 3 2 M S O D R J / 2 4  + I N T E R N A L + 3 0 • C S FW I - S F L S T R M J  + 2 7 • S F L S T RM l * l . 2 5 $  
S l = C 2 2 . 6 7 • C S FW A L l 1 R E S W A L L J / 2 4  + S F C E I L M U E F F 1 * 2 2 . 6 6 / 2 4  + S F C E I L • U E F F 2  + 
0 . 8 * C S FW I - S F L S T R M J + 0 . 6 * S F L S T R M + 0 . 0 0 7 4 2 3 • V O L J M 1 . 2 5 $  
S 2 = 0 . 0 0 0 1 5 * V O L • l . 2 5 $  
S T A T C S O , C O l  S T A T C S l , C O J  S T A T C S 2 , C O J  
/ M  C O O L I N G  U E C  C A L C U L A T I O N  * '  
' *  L A M = < I N S I D E  T EMP . - B A L A N C E  T EMP . )  l! / 
L A M = S l M C l - C l - 4 * S 2 * C M I N C S O , O J J / C S 1 • * 2 ) ) M M . 5 ) / ( 2 * 5 2 ) $  
S O A = C S C . l T . 0 . 0 J M O . O  + C S 0 . G E . 0 . 0 J M S 0 $  
S I A =  C - 1 . 0 J ll ( S l + 2 * S 2 M C - l . O • L AM J J $  
S 2 A = S 2 $  
S T A T C S O A , C O J  S T A T C S l A , C O J  S T A T C S 2 A , C O >  S T A T C L AM , C O J  
L A M = A P A R + B P A R * C 7 5 - L A M J $  
H E A T C L A M , S O A , S l A , S 2 A , A C U E C )  
A C U E C = S O A + S l A M C 7 5 - C - l . • A P A R/ B P A R l l + S 2 A • C ( 7 5 - C - l . • A P A R / B P A R J ) ll M 2 . )  
+ S 2 A M ( 3 . 2 8 9 8 6 8 ) / C B P A R * B P A R J  - A C U E C $  
L A M = L A M- B P A R $  
H E A T C L A M , S O A , S l A , S 2 A , D A C U E C > 
D A C U E C = S O A + S l A ¥ ' 7 4 - � · l . • A P A R / B P A R J l + S 2 A * C C 7 4 - C - l . 11 A P A R / B P A R ) ) ll K 2 . )  
+ S 2 A * C 3 . 2 8 � 8 l 8 l / C B P A R * B P A R J - D A C U E C $  
A C U E C = A C U E C • 8 . 7 6 1 C O P A C $  D A C U E C = D A C U E C • 8 . 7 6 / C O P A C $  
D A C U E C = D A C U E C - A C U E C $  
' *  N E E D  T O  C H A H G E  A C U EC T O  Z E R O  W H E N  C D D 4 1 7 0  = 0 . 0  * /  
R E C O D E  V I C A C U EC , D A C U E C J C I C M D J  C O C O . ) $ 
C O V A  V A C A C U E C , D A C U E C J P R C N O B  M E A  s T D J $  
C O V A  V A C S ll U C E  S H U C G  S l l U C O  S ll U D E  S H U D G  S l l U D O  S H U P E  S H U P G  S H U P O  
S H U H P J P R C H O B  M E A  S T D J $  
C O V A  V A C IJ O  W l  W 2  S O  S l  5 2  S ll E A T N  S H E A T P  S H E A T D  R A D E L F R A DH L F  
C O P A C  C O P G  C O P O  C O P IH '  S l l U E C E  D S ll U E C E  A C H E A T  A C U EC D A C U EC 
S ll U E C G  D S H U E C G  S H U E C O  D S ll U E C O  S H U E C H P  D S H U EC H P J P R C N O B  M E A  S T D > $  
B B l = C Y E A R B T . G E . 7 0 1 $  
C O V A  V A C W O W l  W2 S O  S l  5 2  S H E A T H  S H E A T P  S H E A T D  RAD E L F  RADH L F  
C O P A C  C O P G  C O P C  C O P H P  S H U E C E  D S l l U E C E  A C H E A T  A C U E C  D A C U E C  
5 7  
S H U E C G  D S H U E C G  S H U E C O  D S H U E C O  S H U E C H P  D S H U E C H P > P R C H O B  M E A  S T D >  8 0 C B B 1 ) $  
S T O R E  V A C W O W l  W 2  S O  S l  S 2  S H E A T H  S H E A T P  S H E A T D  R A D E L F R A DH L F  
C O P A C  C O P G C O P O  C O P H P  S H U E C E  D S H U E C E  A C H E A T  A C U EC D A C U E C  
S H U EC G  D S H U E C G  S H U E C O  D S l l U E C O  S H U E C l l P  D S ll U E C H P > $  
S T O R E  V A C S H U C E  S H U C G  S H U C O  S H U D E  S H U D G  S H U D O  S H U P E  S H U P G  S H U P O  S H U H P > $  
E N D $  
58 
. n H V A C l l ll / 
/ M S E T S  U P  EXT R A C T  O F  S I N G L E F A M I L Y  O W N E R  O C C U P I ED D E T A C H E D  D W E L L I N G S ll /  
/ * R E C O D E S  S E L E C T E D  V A R I A B L E S ,  C A L C U L A T E S F I T T E D V A L U E S ll /  
/ ll M O D I F I E D B Y  J E F F R EY D U B I N  J A N U A RY , 1 9 8 3 ;  V A C S  V E R S I O N ll/ 
S T O R A G E  C O R E C l O O O O O >  E C S C 6 0 0 0 0 0 ) $  
P R O GR A M  N A C H V A C l l )  T A C N I EC S X 3 , N EW ) L B C N I EC S X 2 ) $  
L I S T  C O R E C O F F >  T I M E C O F F > $  
S M P L I H C I ,  3 8 4 2 ) $  
R E C O D E  V I C H C O M B A T H  N H A F B A T H > C I C 6  7 8 9 )  C O C O  0 0 0 ) $  
R E C O D E  V I C N S Q F E E T > C I C 9 9 9 5 , 9 9 9 6 , 9 9 9 9 l  C O C MD , MD , MD l $  
R E C O D E  V I C N S Q FT L GR >  C I C 9 9 9 9 9 5 , 9 9 9 9 9 6 , 9 9 9 9 9 9 )  C O C M D , M D , MD ) $  
R EC O D E  V I C KY H O U S B T >  V O C Y E A R B T > C I  C l  2 3 4 5 6 7 8 9 1 0  1 1  9 6  9 9 )  
C O  C 3 0 4 5  5 5  6 2  6 7  7 2  7 5  7 6  7 7  7 8  7 9  M D  M D ) $  
k E C O D E  V I C K I H C O M E >  V O C I H C O M E > C I C l  2 3 4 5 6 7 3 9 1 0  1 1  1 2  1 3  1 4  9 6  9 7 9 9 )  
C O C 2  4 6 . 5  9 1 1  1 3 . 5  1 7 . 5  2 2 . 5  2 7 . 5  3 2 . 5  3 7 . 5  4 2 . 5  4 7 . 5  5 5  M D  M D  M D > $  
R E C O D E  V I C H I NWA L L >  C I C 6 , 9 )  C O C . 6 5 6  . 6 5 6 ) $  
R E C O D E  V I C K O W N V A L U >  V O C OWH V A L U > C I C l  2 3 4 5 6 7 8 9 1 0  1 1  9 9 )  
C O C 5  1 5  2 5  3 5  5 0  7 0  9 0 1 2 5  1 7 5  2 2 5  2 7 5  MD ) $  
S MS A = K S M S A S Z . EQ . 1 $ 
R E C O D E  V I C N H S L DM E M  N D O O R S >  C I C 9 9 )  C O C MD > $  
F L O O R S = C K H U M F L R S . E Q . l ) ll l + C K H UM F L R S . E Q . 2 ) ll l . 5 + C KN UM F L R S . EQ . 3 ) M 2 +  C K N U M F L R S . EQ . 4 ) ll 2 . 5 + C K N U M F L R S . EQ . 5 l ll 3  $ 
B A T H S = N C O M B A T H + C N H A F B A T ll ll . 5 > $  
D L S = K L R G R M S P . E Q . 2 $ 
D F E E T = N S Q F E E T - N S Q F T L GR $  
R O O M S l  = N R O OM S - 1 $  
L R O O M S = L O G C N R O OM S ) $  
B O O L L = C C E R T C O D E . N E . 3 > . A N D . C K T YP L V Q T . EQ . 2 . l . A N D . C K O W N R E N T . EQ . l )  M D C 0 ) $  
B O O L = B O O l l . A N D . C D F E E T . G T . O . l . A N D . C R O O M S l . GT . O . >  M D C O . > $ 
c o = l . 0 $  
D F E E T  = D F E E T / R O O M S l  B O C B O O L ) $  
L D F E E T  = L O G C D F E ET > B O C B O O L ) $  
B R E G l = K R E G I O N . E Q . l  M D C O . > $ 
B R E G 2 = K R E G I O N . E Q . 2  M D C O . ) $ 
B R E G 3 = K R E G I O N . E Q . 3  MD C O . ) $ 
B R E G 4 = K R EG I O H . E Q . 4  M D C O . > l 
8 5 = 8 0 0 L . A N D . B R E G 1 $  
. 
B 6 = B O O L . A N D . B R E G 2 $  
B 7 = B O O L . A N D . B R E G 3 $  
B 8 = B O O L . A N D . B R EG4 $ 
/II II /  
/ ll P R O C E D U R E S  U S ED T O  F I L L  I N  M I S S I N G  O B S ER V A T I O N S  A N D  C H E C K  R E S U L T S ll/ 
/ II  If. / 
D E F I N E  S T A T C A A , C C ) $  
A A l = A A  M D C - 1 0 0 0 0 0 ) $  
R E D U C E  V I C A A l > V O C MAX > O P C MAX > $  
A A l = A A M D C 1 0 0 0 0 0 ) $  
' R E D U C E  V I C A A l l  V O C M I N > O P C M I N l $  
C O V A  V A C A A >  P R C N O B  M E A  S T D >  B O C C C > $  
St lP L I H C l , 1 ) $ 
P R I N T V A C M I N  M AX ) $  
S M P L I H < I , 3 8 4 2 ) $  
E H D D E F $  
D E F I N E  F I T C YY , ZZ , N N , B B , B B B , WW > $  
O L S Q  DV C YY >  R V C ZZ >  C F C B ET A >  B O C B B ) $  
· S M P L I H < l , N N > $  
0MA T R I X  V A C B E T A > D I C N N , 1 > $  
S M P L I H C l . 3 8 4 2 > $  
M P R O D  V L C ZZ >  V R C B ET A > V O C IJtJ ) $  
B B B = l . - 0 . ll WW MPCO . > $ 
ww=ww M D C O . ) $ 
E H D D E F $  
/ IE  IE / 
D E F I N E  L I S T 1 = ' 8 A T H S  F L O O R S  I N C O M E  Y E A R B T  D L S  N D O O R S ' $  
D E F I N E  L I S T 3 = ' 8 R E G 1  B R E G 2  B R EG 3  8 R EG 4 ' $  
5 9  
D E F I N E  L I S T 2 = ' NW I H D O W S  L R O OMS H D D 4 1 7 0  C D D 4 1 7 0  O W N V A L U  S M S A  K U R 8 R U R L ' $  
D E F I N E  F F I T C 8 8 8 8 , C C C C l $  
F I T C L D F E E T , ' L I S T l  L I S T 2  C 0 ' , 1 4 , 8 8 8 8 , 8 1 0 , L l )  
l l =M A X C l l , 4 . ) $  
l l =M I H C l l , 7 . 5 ) $  
l l = EX P C L 1 ) $  
S F E = S F E + R O O MS l M L l  B O C C C C C ) R P $  
E N D D E F$ 
/ IE  IE / 
/ IE 11 / 
/ * C A L C U L A T E  E S T I M A T ED I N C H ES O F  A T T I C  I N S U L A T I O N  I F  N O T  R EP O R T E D * /  
8 1 0 = H I � A � T I C . E Q . l  M D C O . ) $ 
8 l l = H I N A f T I C . GT . 1 .  M D C O . ) $ 
8 1 2 = H I H A f I N S . L T . 9 0 .  M D C O . ) $  
8 A T T I C = 8 0 0 L L 11 8 1 0 * 8 1 2 $ 
F I T C N I H A T I N S , ' L I S T l  L I S T 2  L I S T 3  H I NW A L L ' , 1 8 , B A T T I C , 80 0 L L L , I N S A T 1 > 
8 9 = 8 0 0 L L M C 1 . - 8 1 1 ) $ 
O U T 2 = N I N A T I N S 11 8 1 2 $  
F I T C O U T 2 , ' L I S T 1  L I S T 2  L I S T 3  H I NW A L L ' , 1 8 , 8 9 , 8 0 0 L L L , I N S A T 4 ) 
8 0 0 L L L = 8 0 0 L L L * 8 0 0 L L $  
I N S A T 1 = 8 1 0 11 8 1 2 M H I N A T I N S + 8 1 0 M C l - B l 2 ) * I N S A T l + B l l * I N S A T 4  B O C B O O L L L > $  
I N S A T l = M A X C C . , 1 � S A T ! J $ 
I N S A T l =M I N C � 7 . , I N S A T l ) L A C ' I N C H E S  A T T I C  I N S U L A T I O N ' ) $ 
S T A T C B O O L L , CO )  S T A T C 8 0 0 L , C O >  S T A T C B R E G 1 , 8 0 0 L L >  S T A T C B R E G 2 , B O O L L >  
S T A T C B R EG 3 , B O O L L >  S T A T C B R E G 4 , B O O L L ) S T A T C B A T T I C , B O O L L > 
S T A T C B O D L L L , CO )  S T A T C I N S A T l , B O O L L L )  S T A T C N I N A T I N S , B O O L L L > 
C O V A  V A C I N S A T l , N I N A T I N S ) P R C A L L )  B O C B A T T I C > $  
/ IE  IE / 
/ * C A L C U L A T E  A N D  E S T I M A T E  C H A R A C T E R I S T I C S  O F  B U I L DI N G  S H E L L IE / 
/ M C A L C U L A T E  E S T I M A T E D  S Q U A R E  F E E T  O F  H O U S E* /  
I ll  II / 
B 9 = B O O L L M C 1 . - 0 . M N S Q F T L GR > M D C O . ) $ 
L S F L R = L O G C N S Q F T L G R l B O C B 9 >  M D C O . ) $  
F I T C L S F L R , ' L I S T l  L I S T 2  L I S T 3 ' , 1 7 , B 9 , B l l , O U T l >  
O U T l = M I N C O U T l , 7 . 5 ) $ 
S F E = 8 9 1E N S Q F T L GR M D C O > $  
S F E = S F E + C l - B 9 ) 11 B l l * EXP C O U T 1 )  B O C B O O L L L ) $  
F F I T C B 5 , B R EG 1 > 
F F I T C B 6 , B R E G 2 ) 
F F I T C B 7 , B R E G 3 ) 
F F I T C B 8 , B R EG4 ) 
: 1 2 = 0 . IE N S Q F E E T  MD C ! . ) $ 
8 E T A = H S Q F E E T  M D C O . ) $ 
B E T A = B l 2 1E S F E + C l - B l 2 l * B ET A $  
S F E = C B ET A + S F E ) / 2 . $  
S F E = S F E  B O C B O O L L L ) L A C ' E S T I M A T E D  S Q U A R E  F E ET ' ) $ 
S T A T C S F E , B O O L L L )  S T A T C N S Q F E E T , 8 9 )  
C O V A  V A C S F E  N S Q F E E T  8 9 )  P R C A L L l $  
/ IE IE / 
/ * E S T I M A T E  S Q U AR E  F E E T  O F  W I N D O W S  BY T Y P E * /  
� S T R W I H S = N S T RW I H S IE C NW I N D O W S . G T . 0 ) $ 
� S W I N P I C = N SW I N P I C M C NW I H P I C . G T . 0 ) $ 
H SW I N S G D = N SW I N SG D * C WHll S G DR . GT . 0 ) $  
H S W I H R = N S T RW I N S - H SW I N P I C - H S W I H S G D $  
H HW I H R = NW I H D O� S - H W I N P I C - NN I N S G D R - N S W I H R $  
H H W I H P = HW I H P I C - N S W I H P I C S  
H t! W I H S = H W I N S G D R - N S !J I N S G D S  
S FW I S R = 8 . 7 * H S W I H R + 3 8 . 9 * H SW I H P I C  L A C ' S F  S T O RM W I N DOW ' ) $  
S F W I H R = 8 . 7 * H H W I H R + 3 8 . 9 N N t lW I H P  L A C ' S F N O N  S T O R M  W I N D OW ' ) $  
S FW I R = S FW I S R + S F W I N R  L A C ' S F W I N D OW ' ) $  
S FW I S S = 5 2 . 5 * N S W I H S G D  L A C ' S F  S T O RM S L I D I N G  G L A S S  D O O R ' > $ 
S FW I H S = 5 2 . 5 M N H W I H S  L A C ' S F N O  S T O R M  S L I D I N G  G L A S S  D O O R ' > $  
S FW I S = S F W I S S + S F W I H S  L A C ' S F S L I D I N G  G L A S S  D O O R ' ) $  
S FW I = S FW I R + S F W I S  L A C ' S F  G L A S S ' ) $ 
/ IE IE / 
/ IE C E I L I N G  A N D  W A L L  S Q U A R E  F E E T  F R O M  R E G R E S S I O N S  O N  T Y P I C A L  H O U S ES M /  
S F C E I L = . 9 6 1E C F L O O R S * * - . 8 1 5 ) * C S F E IE 11 1 . 0 0 6 )  L A C ' S F C E I L I N G ' ) $  
S FW A L L = l 9 . l 1E C F L O O R S * * · 9 2 ) 1E C S F E * * · 5 7 ) $  
S F C E I L = M A X C 1 0 0 . , S F C E I L ) $  
S FC E I L = M I H C 1 0 0 0 0 . , S F C E I L ) $  
S F U A L L = M A X C 3 2 0 . , S FW A L L ) $ 
S FW A L L = M I N C 4 0 0 0 . , S FW A L L ) $  
B E T A = S FW l / S FW A L L  M D C . 2 > $  
B = M I N C .  7 , B E T A ) $  
B = M A X C . 0 3 , 8 ) $  
S FIJ I = 8 * S F WA L L $  
S FW A L L = C l . - 8 ) 1E S FW A L L  L A C ' S F  W A L L  EXC L U D I N G  W I N DO W S ' ) $ 
B = B E T A / B $  
B = M A X C B , 1 . ) $ 
S FW I S R = S FW I S R/ B M D C O . ) $ 
S F W I N R = S FW I N R/ 8  M D C D . ) $ 
S FW I R = S FW I R / 8 M D C 0 ) $  
S FW I S = S FW I S I B  M D C O . ) $ 
S FW I S S = S FW I S S / 8  M D C O . ) $  
S F W I N S = S F W I N S / 8 M D C O . ) $  
I * * /  
/ * C U B I C  F E E T * / 
V O L = 8 . 9 4 1E C F L O O R S * * · 8 ) M C S F C E I L M M . 98 )  L A C ' V O L UM N  I N  C U B I C  F E ET ' ) $ 
V O L = M A X C 8 0 0 . , V O L ) $  
V O L = M I N C 9 0 0 0 0 . , V O L ) $  
/ IE 'I'. / 
/ IE P I P E ,  D U C T , A N D  C H I M H EY M /  
/ IE  'I< / 
R E G = 2 . 5 5 + 1 . 0 7 M N R O OM S + . 0 0 3 M S F E  L A C ' N U M B ER R E G I S T ER S ' ) $ 
D U C T = 3 . 8 9 1E R EG + . 0 6 7 * S F E  L A C ' L F  D U C T ' ) $ 
P I P E = 0 . 1 4 2 M S F E IE M 1 . 0 3 L A C ' L F P I P E ' ) $  
C H I M L F = l 6 + 8 . 5 1E F L O O R S  L A C ' L F V E N T  C H I M N EY ' ) $  
/ IE  IE / 
/ IE I H S U L A T I O H R - V A L U E S M / 
R I N S C E I L = 3 . IE I H S A T 1 $  
R I N S C E I L = M AX C . 8 5 , R I N S C E I L >  L A C ' C E I L I N G  I N S U L A T I O N  R- V A L U E ' ) $ 
R I H S W A L L = C l . + . O O l * H D D 4 1 7 D > * H I HWA L L $  
· R I N S W A L L = M A X C . 9 4 , R I H S W A L L )  L A C ' W A L L I N S U L A T I O N  R - V A L U E ' ) $  
S T A T C S F C E I L , 8 0 0 L L L > S T A T C S FW A L L , 8 0 0 L L L > S T A T C S FW I , 8 0 0 L L L )  
S T A T C R I � · C E I L , 8 0 0 L L L > S T A T C R I N S W A L L , B O O L '  L )  
C O V A  V A l 1 F C E I L  S FW A L L  R I H S C E I L  R I H S W A L L  � FW I  V O L > � R C A L L ) $  
/ IE  IE /  
C O M P R E S S  V I C A EM P E 7 8  W 9 9 T  
A H T P U M P  A H EW F U R H  A N 8 R l H T R  A V E P Y 8  A V E P 7 8  A V G P Y B  A V G P 7 8  
A V O P Y 8  A V O P 7 8  C D D 4 1 7 0  C D D 7 8  C E R T C O D E  H A U T OW S H  H C E H T A C  H D D 4 1 7 0  H D D7 8 7 9  
· H E L C L S DY H E L D I S H W  H E L R � H G E  H I H A T T I C  H I HW A L L  H S P F D F RZ H W R N G W S H  ! I N D EX 
° K F L C H A C  K F L M H E A T  K F L S l l E A T  K l : l l E A T E Q  K H E L O V E N  
K R E F D E F l  K R E F D E F 2  K R E FR F L l  K R E F R F L 2  K R M C L O S E  K S MS A SZ 
K U R B R U R L  KW E A T H R Z  KWl l E A T F L  K Y H O U S B T  M I H D EX N D O O R S  H H S L DMEM 
H R M A C U N T  HRO �M�� N R C O M S  N S D O U R S  
60 
6 1  
O S M P E 7 8  S D D B  S M P E 7 8  S O D R  WMA E T  WMP E 7 8  M P G 7 8  N S L O C DO E >  B O C B O O L L ) $ 
/ M  ll/ 
S T O R E  V A C A EMP E 7 8  W 9 9 T 
A H T P U MP A N EW F U R H  A H El�W H T R  A V E P Y B  A V EP 7 8  A V G P Y B  A V G P 7 8  
A V O P Y B  A V O P 7 8  C D D 4 1 7 0  C D D 7 8  C E R T C O D E  H A U T O W S H  H C E N T A C  H D D 4 1 7 0  H D D7 8 7 9 
H E L C L S DY H E L D I S H W  H E L R A tl G E  H l ll A T T I C  H Hl�JA L L  H S P F D F R Z  H WR N GW S H  I I N D EX 
K F L C N A C  K F L M H E A T  K F L S H E A T  K MH E A T E Q K N E L O V EN 
K R E F D E F l  K R E F D E F 2  K R E F R F L l  K R E F R F L 2  K R l l C L O S E  K S M S A S Z  
K U R B R U R L  K W E A T H RZ K W H E A T F L  K Y H O U S B T  M I H D EX N D O O R S  N H S L DM EM 
N R M A C U N T  H R O O M A C  N R O D r 1 S  N S D o o r. s  
O S M P E 7 8  S D D B  S M P E 7 8  S O D R  WM A ET WMP E 7 8  M P G 7 8  N S L O C DO E ) $  
/ M  ll/ 
C O M P R E S S  V I C Y E A R B T  C H I M L F 
I N C O M E  F L O O R S  B A T H S  B R E G l  B R E G 2  B R EG 3  B R EG 4  O HN V A L U  S M S A  
S F E  I N S A T l  B O O L L L  S FW I S R  S F W I N R  S FW I R  S FW I S S  S FW I N S  S F W I S  S FW I  
S F C E I L S FW A L L  V O L  R I N S C E I L R I N S WA L L  P I P E  D U C T  R E G >  B O C B O O L L > $  
/ II  M /  
S T O R E  V A C Y E A R B T  C H I M L F 
I N C O M E  F L O O R S  B A T H S  B R E G l  B R EG2 B R E G 3  B R EG 4  O W H V A L U  S M S A  
S F E  I N S A T l  B O O L L L  S FW I S R  S FW I N R  S FW I R  S FW I S S  S FW I N S  S F W I S  S FW I  
S FC E I L S FWA l l  V O L  R I N S C E I L R I N S W A L L  P I P E  D U C T  R EG l $  
/ M II/ 
S T O R E  V A C B O O L L > $  
SMP L I N C i 2 0 1 8 ) $  
B l = H I N A T T I C . EQ . 1 $ 
8 2 = H I NW A L L . E Q . l $ 
C O V A  V A C F L O O R S  N R O O M S  B A T H S  B l  B 2  H D D4 1 7 0  C D D4 1 7 0 )  P R C N O B  M E A  S T D ) $  
E N D  P R C D I R EC T > $  
n H V A C l 2 * /  
/ * S T A C K S  O B S E R V E D  C A S E ,  U N I N S U L A T E D  C A S E ,  A N D  A S H R A E  9 0 - 7 5  C A S E  D A T A M /  
S T O R A G E  C O R E C 1 5 0 0 0 0 )  E C S C 4 0 0 0 0 0 ) $  
L I S T C f R � C O F F >  T I M E C O F F >  T T Y $  
P R O G R Al l N A < H V A C 1 2 )  T A UI I E C S X 3 A , N EW > L 8 c t' I EC S X 3 l $  
L I S T  c o r E C O F F l  T I M E C O F F ) $  
S M P L  I N C l , 6 0 5 4 ) $  
D E F I N E  L I S T 2 $  
6 2  
C D D 4 1 7 0  H D D 4 1 7 0  N H S L Dll EM S O D R  W 9 9 T  S FW I S R  S FW i ll R  S FW I R  S FW I S S  S F W I N S  S FW I S 
S F W I  S F C E I L � FWA L L  V O L  R I N S C E I L R I N S WA L L  P I P E  D U C T  Y E A R B T  
E tl D D E F $ 
' * * '  
D E F I N E  L I S T 3 $  
S D D B  B R E G l  B R E G 2  B R � � 3  B R E G 4  
E N D D E F $  
/ II  M /  
B O A S E = I D O B S . L E . 2 0 1 8 $  
O L O W = C I D O B S . G T . 2 0 1 8 > . A N D . C I D O B S . L E . 4 0 3 6 ) $  
B H I G H = C I D O B S . G T . 4 0 3 6 ) $  
D E F I N E  T G G = ' B O C B L O W l  R P $ ' $  
D E F I N E  T F F = ' B O C B H I G H >  R P $ ' $  
EX P A N D  V I C L I S T 2  L I S T 3 > T G G  
E X P A N D  V I C L I S T 2  L I S T 3 )  T F F  
R I N S C E I L = . 8 5 T G G  
R I H S W A L L = . 9 5 T G G  
S F IJ I S R = O  T G G  
S F lH tl R = S FW I R  T G G  
S FIH S S = O  T G G  
S F IJ I N S = S F IJ I S  T G G  
S D T EM P D = S D D B - 7 5  L A C ' S UM�l E R  D E S I G N  T EllP E R A T U R E  D I F F E R EN T I A L ' ) $ 
�m T EM P D = 7 5 - W 9 9 T  L A C  • m t1 T E R  D E S I G N T EM P E R A T U R E  D I F F E R E N T I A L ' ) $ 
S D T EM P D = S D T EM P D - C B R E G 1 11 7 + B R E G 2 * 6 + B R E G 3 * 6 + B R E G 4 11 5 ) T F F  
W D T EMP D = W D T E M P D - C B R EG ! M l 2 + B R E G 2 M l 4  + B R E G 3 M l 2 + B R E G4 * 1 4 ) T F F  
T ! G H T = l $  
T I G H T = . 9 3  T F F  
S FIH S R = S FW I R  T F F  
S FIH N R = O  T F F  
S FIJI S S = S FW I S  T F F  
s rn r n s = o  T F F  
R I H S WA L L = C B R E G l + B R EG 2 ) 11 1 5 . 4 4 + C B R E G 3 + B R EG 4 ) M 9 . 4 5 T F F  
R I N S C E I L = C B R E G l + B R E G 2 ) M 1 7 . 1 4 + C B R E G 3 + B R E G4 > * 1 9 . 5  T F F  
S T O R E  V A C L I S T 2  B B A S E  B L O � B H I GH S D T EM P D  W D T EM P D  T I G H T ) $  
E N D $  
S T O R A G E  C O R E C I O O O O O > E C S C 4 0 0 0 0 0 ) $  
L I S T  C O R E < O F F >  T I M E < O F F ) $  
P R O G R A M  H A C H V A C 1 2 5 l T A C N I EC S X 3 A l $ 
/ * M O D I F I E D BY J E F FR EY D U B I N  F E B R U A R Y , 1 9 8 3  K/ 
S M P L  I N < l , 6 0 5 4 ) $  
R E C O D E  V I C H D D 4 1 7 0 , C D D4 1 7 0 l  V O C H D D , C D D l  C I C O . O l  C O C MD l $  
D E F I N E  B A D J $  
B P A R = C B T O P + B B O T l / 2 $  
D E L T A = l - EXP C - B P A R * C D D/ 3 6 5 l - EX P C - B P A R * H D D/ 3 6 5 l $ 
B T O P = < B T O P * C D E L T A . L T . O > > + C B P A R K C D E L T A . G E . 0 ) ) $ 
B B O T = < B B O T K C D E L T A . GT . O l > + C B P A R K C D E L T A . L E . 0 ) ) $ 
E H D D E F $  
B T O P = C L O G ( 2 ) ) K 3 6 5/ M I H C C DD , H DD l $  
B B O T = C L O G C 2 l l K 3 6 5/ M AX C H D D , C D D ) $  
B A D J 
B A DJ 
B A D J  
B A D J  
B A DJ 
B A D J  
B A D J  
B A DJ 
B A DJ 
B A D J  
B A D J  
B A D J 
B A DJ 
B A DJ 
B A DJ 
B A D J  
B A DJ 
B A D J 
B A D J  
D E L T A = < B T O P - B B O T l / 2 $  
A P A R = B P A R K C C H D D - C D D ) / 3 6 5 . - 6 5 . ) $  
T M E A H = - l . 0 M A P A R / B P A R $  
B = l . - 0 . * TM E A N  M D C O . ) $ 
T M E A H = T M E A N  M D C O . ) $ 
T M E A H = T M E A H K B  + ( 6 5 . 0  - H D D 4 1 7 0 / 3 6 5  + C D D 4 1 7 0 / 3 6 5 l K C l - B l $  
L A M = A P A R + B P A R K 7 0 . $  
B l = C L AM . L  T . 0 .  ) $  
B 2 = C L A M . G E . O l . A N D . C L AM . L T . l l $ 
B 3 = C L AM . G E . l l . A H D . C L A M . L T . 2 l $  
B 4 = < L A M . GE . 2 l . A N D . C L A M . L T . 3 l $  
B 5 = C L A M . G T . 3 l . A N D . C L A M . L T . 1 0 l $  
8 6 = < L AM . G T . 1 0 l . A N D . C L A M . L T . 2 5 ) $  
B 7 = C L AM . G T  . 2 5 ) $  
' C O V A  V A < B l  B 2  B 3  B 4  8 5  8 6  8 7 ) P R C N O B , M EA , S T D l $  
C O V A  V A C A P A R  B P A R  L A M D E L T A > P R C M E A , S T D ) $  
C O V A  V A C T M E A N l P R C N O B  M E A  S T D > $ 
S T O R E  V A C A P A R  B P A R  T M E A N l $  
E N D $  
6 3  64  
/ K H V A C 1 3 * /  
/ K C A L C U L A T E S H E A T I N G  A N D  C O O L I N G  E Q U I P  C A P A C  A N D  D ES I GN EXP E C T E D  U S E K /  
/ K M O D I F I E D B Y  J E F F R EY D U B I N  F E B R U A RY ,  1 9 8 3  K /  
L I S T  C O R E < O F F l  T I M E C O F F l  T T Y S  
S T O R A G E  C O R E C l O O O O O >  E C S C 6 5 0 0 0 0 l $  
P R O G R A M  H A < H V A C 1 3 l  T A C N I ECSX 3 A l $  
D E F I N E  S T A T C A A , C C l $  
A A l = A A  M D C - 1 0 0 0 0 0 ) $  
R E D U C E  V I C A A l l V O C MA X l O P C MA X l  B O C C C l $  
A A l = A A  M D C 1 0 0 0 0 0 l $  
R E D U C E  V I C A A l l V O C M I N l  O P C M I N l  B O C C C l $  
C O V A  V A C A A l  P R C N O B  M E A  S T D )  B O C CC l $  
S M P L I H C l , 1 ) $  
P R I N T  V A C M I N  M AX ) $  
S r 1 P l I H C l , 6 0 5 4 ) $  
E H D D E F $  
S M P L I H C l , 6 0 5 4 ) $  
R E C O D E  V I C H D D 4 1 7 0 , C D D4 1 7 0 l  C I C O . l  C O C MD l $  
/ K  K /  
/ l! R E S I S T E H C E S K/ 
R E S W A L L = C 2 . 8 5 + R I N S W A l l l / C . 9 3 9 4 + . 0 1 3 8 K R I H S W A L l l $  
R E S C E I L W = 3 . 8 3 4 + . 9 4 3 M R I N S C E I L $  
U E F F l = C 0 . 3 7 6 9 + 0 . 0 0 6 3 6 M R I N S C E I L l / ( 2 . 0 9 7 + 0 . 6 0 8 M R I N S C E I L l $  
U E F F 2 = C 0 . 1 7 3 8 9 + 0 . 0 0 2 9 3 * R I N S C E i l l / C 2 . 0 9 7 + 0 . 6 0 8 K R I N S C E l L ) $  
Z G L A S R W = C C S FW I S R/ 2 . 7 8 l + C S FW I N R/ . 9 8 l l $  
Z G L A S S = C C S FW I S S / l . 3 2 l + C S FW I N S / . 8 8 l l $  
S T A T < R E S W A L L , B B A S E l  S T A T C R E S C E I L W , B B A S E l  S T A T C U E F F l , B B A S E l  
S T A T C U E F F 2 , B B A S E l  S T A T C Z G L A S S , B B A S E l  S T A T C ZG L A S RW , B B A S E l  
I N F I L l = T I G H T M C l . l 4 - . 2 8 K C S FW I S R + S FW I S S l / S FW i l $  
I N F I L 2 = . 0 0 8 3 3 M I N F I L 1 $  
I N F I L 1 = . 5 7 5 K I N F I L 1 $  
I N T E R N A L = l 2 0 0 + 2 2 5 K H H S L DM E M  L A C ' S E H S I B L E  H EA T  GA I N ' ) $ 
/ K  K / 
/ K H E A T  L O S S  A H D  G A I N  C O E F F I C I E N T S K/ 
W O = S F C E I L K C 3 . 8 8 - 0 . 0 2 9 9 * W 9 9 T l $  
W l = C S FW A L L / R E S W A L l l + C S F C E I L / R ES C E I L W l +Z G L A S R W  
+ Z G L A S S + . 0 1 8 K V O L K I N F I L 1 $ 
W 2 = . 0 1 8 K V O L K I N F I L 2 $  
S O = C C S FW A L L / R E S W A L l l * C 2 6 . 2 7 + 0 . 3 1 9 6 K S O D R l + S F C E I L * U E F F 1 K C 2 5 . 3 5 +  
0 . 2 8 2 0 * S O D R l + I N T ER N A L  + 3 0 K C S FW I R + S FW I N S l + 2 7 K S FW I S S l K l . 2 5 $  
S l = C l . 0 0 5 0 K C S FW A L L / R ES W A L L l  + S FC E l L K U E F F l K 0 . 9 9 5 8  + S FC E I L * U E F F 2  + 
0 . 8 K C S FW I R + S FW I N S l  + 0 . 6 K S FW I S S  + 0 . 0 0 7 4 2 3 K V O L l K l . 2 5 $  
S 2 = 0 . 0 0 0 1 5 K V O L K 1 . 2 5 $ 
S T A T C W O , B B A S E l  S T A T C W l , B B A S E l  S T A T C W2 , B B A S E )  S T A T C S O , B B A S E l  
S T A T C S l , B B A S E l  S T A T C S 2 , B B A S E l  
/ K K /  
/ * D E S I GN C A P A C I T I E S * / 
' S H E A T N = C W O + W D T E M P D K C W l + W D T EMP D K W 2 l ) / l 0 0 0 $  
S H E A T P = S H E A T N + . O l l 2 8 * P I P E $ 
S H E A T D =S H E A T N + . 0 2 4 9 K D U C T $  
R A D H L F = S H E A T N / . 6 4 5 $  
R A D E L F = S H E A T N / . 6 3 9 4 $  
A C H E A T = C S O + S D T EMP D K C S 1 + 5 D T E M P D K S 2 l l / 1 0 0 0 $  
/ K  K /  
/ K S E A S O N A L  H E A T I H G  E F F I C I E N C I E S * /  
' C O P G = . 4 6 + . 0 1 4 6 * H D D 4 1 7 0 / 3 6 5 $  ' c o P o = . 4 0 4 + . 0 1 3 M H D D 4 1 7 0 / 3 6 5 $  
C O P H P = l . 9 4 + 1 0 4 0 . 2 5 / l l D D � l 7 0 + 3 5 0 . 4 / C D D 4 1 7 0 - . 0 0 0 1 2 6 K H D D 4 1 7 0  
- . O O C 2 2 l � C D D 4 1 7 0 $  
C O P A C = 3 . 4 4 + 2 70 5 6 / H D D 4 1 7 0 + 4 4 8 . 9 5 / C D D 4 1 7 0 - . 0 0 0 0 9 8 6 K H D D4 1 7 0  
6 5  
- . 0 0 0 1 0 4 1 KC DD4 1 7 0 $  
/ M  T EM P E R A T U R E  P R O F I L ES T O  C R E A T E  A P A R  A N D  B P A R  A R E  C O N S T R U C T E D  I N  M /  
/ M  H V A C 1 2 5  M /  
/ M  S EA S O N A L  D E S I G N  U S E  K /  
/ M  M /  
D E F I N E  GAMMA < R R R , G GG > $  
T EM P l = M AX ( Q . , R R R ) $  
T EMP 2 = EXP ( - T EM P 1 > $  
G G G = T EM P 2 K . 0 0 6 4 3 1 6 9 M C EX P ( 5 . M R R R > - l . ) $ 
G G G = T EM P 2 M ( - . 0 3 4 0 1 5 6 9 M C EXP ( 4 . • R R R > - l . ) + G GG ) $  
� G G = T EM P 2 K ( . 0 9 6 4 9 1 5 9 M ( EXP ( 3 . M R R R > - l . ) + G GG ) $  
GG G = T EM P 2 M ( - . 2 4 5 9 5 4 4 8 K C EX P C 2 . M R R R > - l . ) + G GG ) $  
G G G = T EMP 2 M C . 9 9 9 4 9 5 5 6 K C EXP C R R R > - l . > + G GG ) $  
G G G = C T EM P l M T EM P l / 2 . ) + . 8 2 2 4 6 7 0 3 + GG G $  
E N D D E F $  
/ M M /  
D E F I N E  H EA T C R R R 1 . c o , c 1 , c 2 . H H H ) $  
H H H = C 0 / ( l . + EX P C - R R R 1 > > $ 
H H H = H H H + C l • C L O G < l + EXP C R R R l > > l / B P A R $  
G AMMA C R R R l , G G >  
H H H = H H H + 2 . M C 2 K GG/ C B P A R M B P A R ) $  
E N D D E F $  
/ M  M /  
/ K C A L C U L A T E  H EA T I N G  U EC .  F I R S T  A B A L A N C E  I N S I D E - O U T S I D E  T EM P E R A T U R E  M / 
/ M D I F F E R E N T I A L  L A M I S  C A L C U L A T E D .  T H I S  Q U A N T I T Y I S  I N D EP E N D E N T  O F  M /  
/ M T H E  T H ER M O S T A T  S E T T I N G .  T H E N  W l  A N D  W O  C O E F F I E I EN T S  A R E  R E D E F I N E D  M /  
/ K S O  H E A T  G I V E S  T H E  A V E R A G E  O F  Q O V ER T H E  T EM P E R A T U R E  D I S T R I B U T I O N  M /  
l' M U P  T O  T H E  B A L A N C E  T El 1 P E R A T U R E .  N O T E  T H A T  T H E  E N E R G Y  C O S T  O F  A O N E  M /  
/ K D E G R E E  T H E R M O S T A T  I N C R E A S E  I S  S I M P L E  T O  C O MP U T E  B EC A U S E  B A L A N C E  M /  
/ M T EM P E RA T U R E  R I S ES O N E  D E G R E E ,  B A L A N C E  D I F F E R EN T I A L  I S  U N C H A N G E D . M /  
/ M  M /  
/ M  H E A T I N G  U E C  C A L C U L A T I O N  M /  
/ K  L A M =  C B A L A H C E  T EMP - I N S I D E T EMP . >  M /  
W O  = l� O - I H T E R N A L $  
l A M = W l • C l - C l - 4 MW 2 • C M I H C W 0 , 0 ) ) / ( W l M K 2 ) ) M M . 5 ) / ( 2 M W2 ) $  
W O A =  C W O . L T . O . O > • O . O  + C W O . G E . 0 . 0 ) M W 0 $  
W l A =W l + W2 M 2 M ( - l . O M L AM ) $  
W 2 A = W 2 $  
S T A T < W O , B B A S E >  S T A T < W O A , B B A S E >  S T A T ( W l A , B B A S E >  S T A T C W2 A , B B A S E >  
S T  A T C  L A M , B B A S E )  
L AM = A P A R + 8 P A R • C 7 0 + L A M > $  
H E A T < L A M , W O A , W 1 A , W2 A , S H U E C E >  
L A M = L A M + 8 P A R $  
H E A T C L A M , W O A , W l A , W2 A , D S H U E C E )  
/ M  M /  
/ M  E V A L U A T E  H EA T I N G  U S A G E  A T  M E A H  T EM P . W H E N  C D D 4 1 7 0  : 0 . 0  M /  
A S H U E  = M AX C C W O  + W l M C 7 0 . - T M E A H >  + W 2 M ( 7 0 . - T M E A N > M ( 7 0 . - T M E A H > > , 0 . 0 ) $  
' A D S H U E =M AX < C W O  + W l • C 7 1 . - T M E A H > + W 2 M C 7 1 . - T M EA H l M ( 7 l . - T M E A H > > , 0 . 0 ) $ 
S T A T < A S H U E , 8 8 A S E >  S T A T < A D S H U E , 8 8 A S E >  
8 S H U E = l . - O . M S H U E C E  M D C 0 ) $  
8 D S H U E = l . - O . • D S H U E C E  M D C 0 ) $  
R E C O D E  V I < S H U E C E  D S H U E C E >  C I C MD >  C O < O . ) $  
S H U E C E =  8 S H U E M S H U E C E  + C l - 8 S H U E > • A S H U E $  
D S H U E C E =  B D S H U E M D S H U E C E  + < l - B D S H U E l M A DS H U E $  
Ill J./ 
' S H U E C E = S H U EC E * 8 . 7 6 $  D S H U E C E = D S H U E C EM 8 . 7 6 $  
' D S H U E C E = D S H U E C E - S H U E C E $  
S l l U E C G = S H U E C E/ C O P G $  
S l l U E C O = S H U E C E/ C O P O $  
S H U E C H P = S H U EC F ' � O P H P $  
D S l l U E C G = D S H U EC E/ C O P G $  
D S H U EC O = D S H U E C E/ C O P O $  
D S H U E C H P = D S H U E C E/ C O P H P $  
/ M M/ 
/ M  A I R  C O O L I N G  U S A G E  M /  
S O = < C S FWA L L / R E S W A L L > • < 3 6 2 . l - 0 . 9 6 38 M S O DR ) / 2 4  + S F C E I L K U E F F 1 M ( 3 5 5 . 6 -
66 
l . 0 3 2 M S O D R > l' 2 4  + I H T E R H A L  + 3 0 M ( S FW I R + S FW I H S > + 2 7 • S FW I S S > M l . 2 5 $  
S l = C 2 2 . 6 7 M ( S F W A L L / R ESWA L L ) / 2 4  + S F C E I L M U E F F 1 M 2 2 . 6 6 / 2 4  + S FC E I L • U E F F 2  + 
0 . 8 M ( S F W I R + S F W I H S ) + 0 . 6 • S FW I S S + 0 . 0 0 7 4 2 3 M V O L > • l . 2 5 $ 
S 2 = 0 . 0 0 0 1 5 K V O L M 1 . 2 5 $  
/ M  C O O L I N G  U EC C A L C U L A T I O N M/ 
/ M  L AM = < I N S I D E  T EM P . - & A L A H C E  T EM P . ) M /  
L A M = S l * < l - ( l - 4 M S 2 • < M I N C S 0 , 0 ) ) / ( S l M M 2 ) ) K K . 5 ) / ( 2 M S 2 ) $  
S O A = < S O . L T . O . O l M O . O  + ( 5 0 . G E . 0 . 0 ) M S 0 $  
S l A =  C - 1 . 0 ) M ( S l + 2 M S 2 K ( - l . O M L AM > > $  
S 2 A = S 2 $  
S T A T C S 0 , 8 8 A S E )  S T A T < S l , 8 B A S E >  S T A T < S 2 , 8 8 A S E )  S T AT < S O A , B B A S E >  
S T A T C S 1 A , 8 B A S E >  S T A T C S 2 A , 8 B A S E >  S T A T < L AM , B B A S E >  
L A M = A P A R + B P A R • C 7 5 - L AM ) $  
H E A T C L A M , S O A , S l A , S 2 A , A C U E C > 
A C U E C = S O A + S l A M C 7 5 - C - l . M A P A R / 8 P A R > > + S 2 A M ( ( 7 5 - C - l . M A P A R/ B P A R > > • • 2 . ) 
+ 5 2 A * C 3 . 2 8 9 8 6 8 ) / C B P A R * B P A R > - A C U EC $  
L A M = L A M - B P A R $  
H E A T C L A M , S O A , S l A , S 2 A , DA C U E C > 
D A C U E C = S O A + S l A M ( 7 4 - C - l . M A P A R / 8 P A R > > + S 2 A M ( ( 7 4 - ( - l . M A P A R / B P A R ) ) M M 2 . ) 
+ S 2 A * C 3 . 2 8 9 8 6 8 ) / ( 8 P A R• 8 P A R > - D A C U E C $  
A C U E C = A C U E C • 8 . 7 6 / C O P A C $  D A C U E C = D A C U E C M 8 . 7 6 / C O P A C $ 
D A C U E C = D A C U E C - A C U EC $  
/ M  H E E D  T O C H A N G E  A C U E C  T O  Z E R O  WH E N  C D D4 1 7 0  = 0 . 0  M /  
R E C O D E  V l ( A C U E C , D A C U E C > C I C M D >  C O C O . ) $ 
S T A T ( A C U E C , 8 B A S E >  S T A T < D A C U E C , B 8 A S E >  
/ M M /  
C O V A  V A < W O  W l  W 2  S O  S l  S 2  S H E A T H  S H EA T P  S H E A T D  R A D E L F R A DH L F  A C H E A T  
C O P G  C O P O  C O P H P  C O P A C  S H U E C E  D S H U E C E  A C U E C  D A C U E C  
S H U E C G  D S H U E C G  S H U E C O  D S H U E C O  S H U EC H P  D S H U E CH P >  
P R C N O B  M E A  S T D >  8 0 ( 8 8 A S E ) $  
C O V A  V A C W O W l  W 2  S O  S l  S 2  S H E A T H  S H E A T P  S H E A T D  R A D E L F R A D H L F  A C H E A T  
C O P G  C O P O  C O P H P  C O P A C  S H U E C E  D S H U E C E  A C U EC D A C U E C  
S H U EC G  D S H U E C G  S H U EC O  D S H U E C O  S H U EC H P  D S H U E CH P > 
P R C H O B  M E A  S T D >  8 0 C 8 L OW > $  
C O V A  V A C W O W l  W 2  S O  S l  S 2  S H E A T H  S H E A T P  S H E A T D  R A D E L F R A DH L F  A C H E A T  
C O P G  C O P O  C O P H P  C O P A C  S H U E C E  D S H U E C E  A C U E C  D A C U E C  
S H U E C G  D S H U E C G  S H U E C O  D S H U E C O  S H U EC H P  D S H U E CH P >  
P R C H O B  M E A  S T D >  8 0 ( 8 H I GH ) $  
8 B l = B B A S E • C Y E A R 8 T . G E . 7 0 > $  
8 8 2 = 8 L O W • < Y E A R 8 T . G E . 7 0 ) $  
B 8 3 = 8 H I GH M ( Y E A R B T . G E . 7 0 > $  
C O V A  V A C W O W l  W 2  S O  S l  S 2  S H E A T H  S H E A T P  S H EA T D  R A D E L F R A DH L F  A C H E A T  
C O P G  C O P O  C O P H P  C O P A C  S H U E C E  D S H U E C E  A C U E C  D A C U EC 
S H U E C G  D S H U E C G  S H U E C O  D S H U E C O  S H U EC H P  D S H U E C H P > 
8 0 ( 8 8 1 ) P R C N O B , M E A , S T D > $  
C O V A  V A C W O  W l  W 2  S O  S l  S 2  S H EA T H  S H E A T P  S H E A T D  R A D E L F  R A DH L F  A C H E A T  
C O P G  C O P O  C O P H P  C O P A C  S ll U E C E  D S l l U E C E  A C U E C  D A C U E C  
S H U E C G  D S H U E C G  S H U E C O  D S H U E C O  S H U EC H P  D S H U E C H P >  
8 0 C B B 2 > P R C H O B , M E A , S T D > S  
C O V A  V A C W O  W l  W 2  S O  S l  5 2  S H E A T H  S H E A T P  S H E A T D  RADEL F R A DH L F  ACHEAT 
C O P G  C O P O  C O P ll P  C O P A C  S H U E C E  D S H U E C E  A C U E C  D A C U E C  
S ll U E C G  D S H U E C G  S H U EC O  D S H U E C O  S H U E C H P  D S H U E C H P > 
B O C B 8 3 )  P R C N O B , M E A , S T D > $  
S T O R E  V A C W O  W '  42  S O  S l  S 2  S H E A T H  S H E A T P  S H E A T D  R A D E L F  R A DH L F  A C P r � y  
C O P G  C O P O  C O P H P  C O P A C  S l l U E C E  D S ll U E C E  A C U EC D A C U EC 
S H U E C G  D S H U E C G  S H U E C O  D S H U E C O  S H U E C H P  D S H U E C H P > $  
E N D $  
TABLE l 
Ext e ri o r Wa l l Re s i s t anc e 
Ma t e r i a l  
Out s ide surface ( 1 5  mph wind s peed ) l 
Wood s i d ing 
'B u i l d ing pa pe r 
She a t h i n g  ( O . S "  p lywood)  
Air Space (Frami ng ) 2 
Gyp s um wa l lboard  
I n s idE: s u r f  ace 
Re s i s t an c e  o f  po r t ion of wal l  
wi t h  framing ( 10% for 1 6 "  o . c . framing ) 
Re s i s t an c e  of por t i on of wall wi thout 
f raming or in s u la t i on 
Re s i s t an c e  of por t i on of wal l  w i t h  
insu l a t i o n  CR-va lue • I )  
Ave rage re s i s tan ce of wal l 
wi t hout i n s u la t i o n 3 
Ave rage re s i s t an ce of wall with  
insu la t i o n  CR-value • 1 ) 3  
R 
0 . 1 7 
0 . 8 7  
0 . 06 
0 . 62  
. 0 . 94 ( 4 . 3 8 )  
0 . 45 
0 . 6 8  
7 . 2 3 
3 . 7 9  
2 . 85 + I 
3 . 98 
( ' · '' + 1 � 0 . 9394 + 0 . 0 1 381  
l surf  ace  re s i s t an c e  decreases  with wind speed . The ASHRAE d e s i gn s t a nd a rd i s  
1 5  mph wi n t e r wind s peed and  7 . 5  mph aummer wi nd s peed , the l a t t e r  giving a 
s u r f a c e  r e s i 1 t an c e  of 0 . 2 5 .  
Zst andard .2 " x 4 "  framing i a  a s s umed , g i v i ng an a i r  s pace o f  3 . 75 " . Wi t hout 
i n s u l a t ion the R-va lue o f  the air  space is 0 . 94 .  At typi ca l insula t ion R-val ue o f  
3 . 0 / i nch , t he R-va lue o f  l ight i nsul a t ion ( 1 . 5" )  i s  4 . 5 ,  and o f  he avy insula t i on 
( 3 . 5 " )  i s  10 . 5 . The R-value o f  the wood framing member s  is  1 . 1 7 pe r inch . 
3The average re s i s tan ce of the wal l  aat i s f i e a  
- 1  - 1  -1 Rave rage 
• llf raming ( propor t i o n ) + Ro the r ( pro po
r t ion ) • 
framing other 
Source : ASHRAE ( 1 97 7 ) ,  2 2 . 1 3 -2 2 . 2 2 ,  part i cularly Tab les 4A , G , I , K .  
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TAB l..E 2 
Ce i l i ng and Roof Res i s tan c e  
F l a t  R o o f  and C e i l i ng 
Ou t s i de s ur face ( 1 5  mph wint e r ,  7 . 5  aph & U11111e r )  
Roo f i n g  
Roo f  i n s ula t ion 
Plywood deck 
Air s pace l ( f raming) 
Gyp s um wa l l board 
In s ide aur face 
Re s i st ance wit hout insulai t lon 
i n  a i r  s pace 2 
Re s i s t ance w i th ins u l a t ion 
(R-va l ue • I )  in air space 3 
P i t c hed Roof and Ce i l i ng 
R o o f  
Out s ide aur face ( 1 5  mph wi nt er , 7 . 5  mph Slllllllle r )  
Roo f i ng 
B u i ld ing pa per 
P l ywood deck ( 5 /8 " )  
I n s i d e  roof s u r face  
Framing l 
Roo f re s i s tance 2 
A t t i c  Wa l l  
Out s i de sur face 
Wood s id i ng 
Bu i l d ing p a pe r  
Shea t hing 
Ins i de wa ll a ur face 
Framing" 
Wal l  re s i a tance 2 
Hea r. i ng Con l i n g 
R R 
0 . 1 7  0 . 2 5  
0 . 3 3  0 . 3 3  
1 . 3 9  1 . 3 9 
0 . 7 8  0 . 78 
0 . 8 5  ( 6 .  7 3 )  1 . 2 3 ( 6 . 7 3 ) 
0 . 4 5  0 . 4 5  
0 . 6 1  o . 7 6  
4 . 85 5 . 4 7  
( 3 . 73 + I  � (;'·" + I  ) 
0 . 936 + . 01 1  0 . 9 3 7  + 0 . 1 1  
Hea t i ng 
R 
0 . 1 7  
0 . 44 
0 . 06 
o .  7 8  
0 . 6 2 
5 . f 4 
2 . 2 4 
0 . 1 7  
0 . 8 7  
0 . 06 
0 . 62 
O . f·8 
4 . 38 
2 . 5 7 
Coo l i ng 
R 
0 . 2 5 
0 . 44 
0 . 0 6  
o . 7 8 
o .  7 6  
S . 84 
2 . 47 
o .  2 5 
0 . 8 7  
lj .  J 'i  
O . 'i 2  
IJ .  6 8 
4 . 3 8 
2 . 65 
( c ont i n ue d ) 
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TABLE 2 ( cont inued ) 
Ce i l i ng 
t"p p e r  s u r f a c e  
I � s u l a t i o n  ( f rami ng ) � 
Gy p s um board  
! � s i d e  su r f a c e  
Ce i l i ng re s i s tan c e 2 
Hea t ing 
R 
0 . 6 1 
I ( 4 . 3 8 ) 
0 . 4 5  
0 . 6 1 
( 1 . 67 + I  ) 
0 . 9 2 7 6  + 0 . 0 1 6 5 1 
Co o l i ng 
R 
0 . 7 6 
I ( 4 . 38 ) 
0 . 4 5  
0 . 7 6 
( l. 9 1 + I \ 
� �- 9 3 1 0  + o .  0 1 5 1J 
• r ram i ng i s  a s s ume d to be 2 "  x 6 " ,  1 6 "  o . d . , g iv i ng 1 0% of t o t a l  a rea . 
2rhe formula i s  
- 1  0 -1  - 1  Ra v e r age • • 1 Rf raming + o . 9 Rot her • 
The con t r i bu t ion of open f rami ng t o  re s i s t ance i s  neg l i g i ble . 
3 1 n s u la t i on f i l l s  t he a i r s p a c e . 
°' F r a m i ng i s  a s s umed t o  be 2 "  x 4 " , 1 6 " o . d . ,  g i v ing 1 0% of t o t. a l  a re a . 
Sou r c e : ASHRAE ( 1 9 7 7 ) ,  2 2 . 1 3 -2 2 . 2 2 . 
69 
7 0  
TABLE 3 
Re s i s t an c e  of Wind ows 
He a t i n g  C oo l i n g 
Ma t e r i a l  R R 
S i ng l e  g la z e d  ( no 1 t o rm ) l . 98 1 . 0 5 
Dou b l e  g l a z e d  ( • t o rm ) l 2 . 7 8 
S l i d i ng g l a s s  d o o r . s i ngle g la z e d  . e e . 9 4 
doub l e d  g l a z e d  1 . 32 1 . 4 3 
l As s ume wood sash . 80% g l a s s  
So u rc e : ASHRAE ( 1 9 7 7 ) .  2 2 . 2 4 .  
�a t er ia l 
T.>p s u r f  ace  
T i l t>  
Ft> l t  p a .:!  
P l ywood 
Sub f l oor 
I n su l a t i on (R-7 ) 
Bo t t om s u r face 
Total  re s i s tance l 
TABLE 4 
R e s i s t ance  of F l oor 
He a t i ng 
R 
. 6 1  
. 05 
. 06 
. 7 8  
. 94 
7 . 00 
. 6 1  
1 0 . 05 
Cool i ng 
R 
. 7 6 
• 0 5  
. 06 
. 7 8 
. 94 
7 . 00 
. 7 6  
1 0 . 3 5  
1 The re s i s tance  o f  a s l ab f l oor i s  s imilar  a f t e r a d ju s tment for add i t iona l 
i n s u l a t i on .  W i n t e r  ground tempe r a tures below the frost  leve l are approxima t e ly 
t 8  • 36 + 0 . 3 t e • 
wh�re te i a  de s ign t emperature . Ba sement wa l l  los s e s  due to the temperat ure  
grad ient  above t h e  f r o s t  l i n e  are ne g l e c t e d . S l a b  edge los se s wi t h  insula t i o n  are 
a s s umed comparable to unhe a t e d  ba s ement losses . Ne t h ea t t rans f e r  thro ugh t he 
f l oo r  in au1D1De r is ne g l ec t e d . 
Source : ASHRAE ( 1 97 7 ,  2 2 . 20,  Table 4G,  and 2 4 . 4 ) .  
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TABLE 5 
Summa ry of W i n t e r  Bea t ing Capa c i ty C a l c u la t i on 
1>c 1 i gn ltuh i •  the aum o f  the following component•
· 
1 .  Wa l l  loaac1 : 
[ Emr lor val l  ] 
[ o. •m + o . om t,, 
] 
[ 75 - te ]  area aurrounding . . heated a pace , 2 . 85 + 1v 
exc lud ing windows 
2 .  Ce i l ing lOHCI : [ Ce i l i ng] ( 3 . 834 + 0 . 943 I c ]-l [75 - te ) . . area 
3 .  Floor loasea : 
[Ce i l ing 
J 
{75 - (36 + 0. 3 te ) ) /1 0 . 05 . area 
4 .  Wi ndow l o a ae a : [ ... � -'ad s - + -- + -- + 2 . 7 8 o . 98 l . 32 
5 .  Inf i l t ra t ion loa aea : 
[ ' · " 0. 28 <"vs + As d s ) {Avs + "\ni + A a d s  
�J . 0 . 88 
J 
(75 - te ) 
• ( 0 . 2 5  + 0 . 02 1 6 5 ( 1 5 )  + 0 . 008 3 3 ( 7 5-Tc ) )  
• (0 . 0 1 8 ) •V • ( 7 5  - t, )  
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T a b l e  5 ( c o n t inue d )  
N o t a t i on :  
lw R-va lue of wa l l  in1 u l a t i o n  
(mi n i mum of O. 94 for air gap i f  no i n 1 u l a t  i on ) . 
I c R-va l ue of c e i ! i ng ins u l a t ion 
t 1 •
7 5  i n t e r ior d e s i g n  tempera t ure c ·r )  
t e  e x t e r i o r  w i n t e r  d e 1 ign tempe rat ure c ·r )  
Aws a r ea o f  s t o rmed w i n d ows ( f t 2 ) 
� a r e a  of non-s t o rmed w i ndows ( ft 2 ) 
As d s  a rea o f  s t ormed s l id i ng g l a s s  doors ( f t
2 ) 
As d n  a r e a  of non- s t o rmed 1 l i d i ng g l a s s  d o o r s  ( f t
2 ) 
v vo l ume of cond i t ioned 1pa c e  ( f t � ) 
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Flat Ceiling and Roof 
Roofing 
Roof Insulation 
P lywood Deck 
Airspace ( framing ) 
Wallboard 
TABLE 6 
Roof D ensit ies and Weights 
Thickness 
• 3 7 51 1  
. 62 5 "  
5 . 7 5 "  
. S "  
Density o f  sec tion with wood- framing : 
( . 3 7 5  • 7 0 + . 6 2 5  • 3 4 + 5 . 7 5  • 3 2  + . 5  • 5 0 ) / 7 . 2 5 
Density of sec tion without framing : 
( . 3 7 5 . 70 + . 6 2 5  • 34 + . 5  • 5 0 ) / 7 . 25 
Average densi ty : (assume framing is 10% of mat erial ) 
( . 10 · 35 . 3 7 9  + . 90 • 1 0 )  = 1 2 . 54 lb s / cu . f t .  
Weight : 
D ensity (lbs / f  t 3 ) 
70 
34 
0 ( 3 2 )  
s o  
3 5 . 3 7 
1 0  
Consider a 1 s q .  f t. sec tion of c e i l ing . 
which imp lies a volume of 0 . 6041 7 c u .  f t .  
Thickness is ( 7 . 2 5 / 1 2 )  f t. 
Average weight is 7 . 8  lbs/sq . f t .  
Density and weight for a pitched roof are : 
9 . 06 lbs/ cu. f t .  and 5 . 4 7 lbs/sq . f t. r espec t ively . 
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TABLE 7 
Trans fer Func t ion Polynomials for 
ASHRAE Roofs  # 2 2  and # 2 5  
2 3 
B (L )  = bo + b lL + b2L + b 3L 
2 3 D (L )  = d0 + d1L + d2L + d3L 
Roof 112 2 :  
n=O n=l 
b 0 . 0012  0 . 0180  
d 0 . 0000 - 0 . 8 0 9 8  
Roof //2 5 : 
n=O n=l 
b 0 . 0043 0 . 0 3 8 5  
d 0 . 0000 - 0 . 7 314 
U - conductanc e  
C - indoor temperature coe f f i c ient 
L - lag operator 
n= 2 n= 3 
0 . 0150  0 . 0011 
0 . 1 3 5 7  - 0 . 0007  
n= 2 n= 3 
0 . 0202  0 . 0007  
0 . 1061 -0 . 0003  
u 
0 . 10 9  
u 
0 . 1 7 0  
7 5  7 6  
TABLE 8 
Percentage of the Daily Range 
T ime , hr . % T ime , hr . % 
1 8 7  1 3  1 1  
2 9 2  14  3 
3 9 6  1 5  0 
4 9 9  1 6  3 
c 
5 100 1 7  10 
6 9 8  1 8  2 1  
0 . 0 3 5 3  
7 9 3  1 9  3 4  
8 84 2 0  4 7  
9 7 1  2 1  5 8  
c 
10 56 2 2  6 8  
1 1  3 9  2 3  7 6  
0 . 0 6 3 7  
1 2  2 3  2 4  8 2  
Sourc e : (ASHRAE , 19 7 7 , 2 5 . 4 ,  Table  3 )  
App l ic at ion : temp erature at hour h = (maximum temperature )  -
(percentag e ) (temperature range )  = (daily average 
temperature ) + ( 0 . 5-perc entag e ) (temperature range )  
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TABLE 9 
So l-Air Temp erature D i f f erenc es 
T ime , Temp . Dif f er enc e Time , Temp . D i f f er enc e 
1 0 . 0  1 3  2 5 . 4  
2 0 . 0 14  28 . 3  
3 o . o 1 5  30 . 4  
4 o . o  1 6  29 . 2  
5 0 . 0  1 7  2 6 . 4  
6 1 7 . 6  1 8  1 7 . 6  
7 2 6 . 4 1 9  o . o  
8 2 9 . 2  20  o . o  
9 3 0 . 4 2 1  o . o  
1 0  2 8 . 3 2 2  o . o  
11 2 5 . 4  2 3  0 . 0  
1 2  2 3 . 4 2 4  0 . 0  
Sour c e : (ASHRAE , 2 5 . 5 ,  Tabl e  2 )  
Assume dark co lored sur faces averaged over or ientations in 
the propor t ions : N - 1 0% ,  S - 15% , NE , E ,  SE , SW , W , NW - 12 . 5%  
Outsid e  
Hour Temp . 
1 . 7 7 . 2 3  
2 7 6 . 1 8  
3 7 5 . 3 4  
4 74 . 7 1  
5 7 4 . 5 0  
6 7 4 . 9 2 
7 7 5 . 9 7  
8 7 7 . 86 
9 80 . 5 9 ' 
10 8 3 . 74 
1 1  8 7 . 31 
1 2  9 9 . 6 7  
1 3  9 3 . 1 9  
14 9 4 . 8 7  
1 5  9 5 . 50 
1 6  9 4 . 8 7 
1 7  9 3 . 40 
1 8  9 1 . 09 
19 88 . 3 6  
2 0  85 . 6 3 
2 1  8 3 . 3 2  
2 2  81 . 2 2 
2 3  7 9 . 5 4  
2 4  7 8 . 2 8  
Daily 
Average 8 3 . 6 8  
TABLE 1 0  
Output from Thermal Transfer Func t ion 
1 Calaulat ion for a Typical Day 
Sol-Air Temp . 
Difference Cooling 
( Sol-Air - Sol-Air Load 
_ _  OIJtS ide ) Temp • Temp . Dif f .2 
�) . 00 · 7 7 . 2 3  1 3 . 8 8 
o . oo 7 6 . 1 8 11 . 6 5 
o . oo 7 5 . 3 4  9 . 7 6 
o . oo 7 4 .  7 1  8 . 11 
o . oo 7 4 . 50 6 . 6 9 
1 7 . 60 9 2 . 5 2  5 . 63 
26 . 4 0 1 02 . 3 7 6 . 9 7  
2 9 . 2 0  1 0 7 . 06 1 1 .09  
3 0 . 4 0  1 10 . 9 9 1 6 . 0 3  
2 8 . 3 0  112 . 04 2 0 . 66 
2 5 . 4 0 1 12 . 7 1 24 . 50 
2 3 . 40 114 . 07 2 7 . 4 3 
2 5 . 40 11 8 . 5 9  2 9 . 7 6 
2 8 . 30 1 2 3 . 1 7 3 2 . 14 
3 0 . 40 1 2 5 . 90 3 4 . 9 7 ' 
2 9 . 2 0  124 . 0 7 3 7 . 94 
2 6 . 40 1 1 9 . 80 40 . 2 7 
1 7 . 6 0 1 08 . 6 9  41 . 2 3 
o . oo 88 . 36 3 9 . 9 8 
0 . 00 85 . 6 3 3 5 . 3 9  
o . oo 8 3 . 32 2 9 . 32 
0 . 00 81 . 2 2 2 4 . 0 9 
o . oo 7 9 . 5 4  1 9 . 9 3 
0 . 00 7 8 . 2 8 1 6 . 6 0  
14 . 08 9 7 . 7 6  2 2 . 6 7 
Heat Flux 
· 0 . 91 
0 . 6 7  
0 . 4 8  
0 . 32 
0 . 2 0 
0 . 12 
0 . 41 
1 . 1 1 
1 . 8 9 
2 . 5 9 
3 . 13 
3 . 50 
3 . 7 8 
4 . 05 
4 . 4 0 
4 . 7 6 
5 . 01 
5 . 06 
4 .  7 7  
3 . 98 
3 . 02 
2 . 24 
1 . 6 6 
1 . 2 3 
2 . 4 7 
1 ) Mean temperature 85 ° F ,  t emperature range 2 1 °  F ,  ins id e  temperature 7 5 °  F ,  
ASHRAE Roof  #2 2  with U • 0 . 10 9 . 
2 ) Total coolin& load temperature difference • 544 . BTU/aq.  f t .  
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S t ruc ture 
TABLE 11 
Summary of Regres s ion Re sul t s  
(Mean-Insid e )  
Temperature 
Temperature 
Range Cons tant 
Dependent var iable is Total Cool ing Load Temp erature Dif f erenceA 
1 2 2 . 6 6  - 1 . 0 3 2  355 . 6  
2 2 2 .  7 1  - 1 .  0 1 2  3 58 . 4  
3 2 2 . 6 7 - 0 . 9 6 3 8  3 62 . 1  
4 2 2 . 4 9 - 0 . 9 5 3 5  3 5 9 . 5  
5 22 . 5 8 - 0 . 9 5 2 6  361 . 5  
6 2 2 . 4 8 - 0 . 9 3 5 7  3 60 . 9  
Dependent var iable is Maximum Cool ing Load Temp erature D i f f erenc e 
1 0 . 9 958  0 . 2 8 2 0  2 5 . 35 
2 1 . 0010 0 . 2 9 8 8  2 5 . 5 5 
3 1 . 0050 o.  3196 2 6 . 2 7 
4 o . 9 9 7 2  0 . 3206  2 6 . 12 
5 1 . 0020 0 . 32 5 6  2 6 . 30 
6 0 . 9 9 9 0  0 . 3300 2 6 . 2 9  
Number o f  observat ions = 2 4 3  
7 9  8 0  
TABLE 1 1 , cont . 
S t ruc ture 
1 .  Roo f  /12 2 , 11 1  wood , 2 1 1  insulat ion u = 0 . 109  
2 .  Roo f  11 2 5 , 1 1 1  wood , 1 1 1  insulat ion u = 0 . 1 7 0  
3 .  Ext e r ior frame wal l  //3 6 ,  3" insulat ion u = 0 . 081 
4 .  Exterior frame wall //3 7 , 2" insulat ion u = 0 . 11 2  
5 .  Ex t er io r  f rame wal l  // 3 8 , 1 1 1  insu l a t ion u = 0 . 1 7 8  
6 .  Exterior frame wall 11 3 9 , no insul a t ion u = 0 . 4 3 8  
No t e s  
B (A) Daily coo l ing load t emp erature d i f f erence 
= a temp� (mean - ins id e  temp erature) + arange ( range)  + a 
( B )  Maximum cool ing load temperature d i f f erence 
= a temp� (mean - ins id e  t emperature) + arange (range) + a 
All coef f ic ients are s ignif ican t ;  R2 1 s  range from 0 . 9944 to 1 . 0000 . 
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TABLE 1 2  
Summer Coo l in£.._.!£._� 
Pitched
1 
Flat Roof  
2 R-Value o f  Roo f 
Da ily Da ily At t ic Q /A Q/A 
Mean Range Insu l a t ion c c 
7 9 . 00 1 2 . 00 o . oo 8 5 . 94 102 . 66 
7 5 . 0 0  2 0 . 00 o . oo 60 . 20 7 9 . 2 6 
84 . 00 12 . 00 0 . 00 116 . 2 5 1 2 9 . 4 7 
80 . 0 0 2 0 . 00  0 . 00 90 . 52 1 06 . 07 
8 9 . 00 1 2 . 00 0 . 00 146 . 57 1 5 6 . 2 7 
8 5 . 00 2 0 . 00 0 . 00 1 2 0 . 83 1 3 2 . 8 7 
8 0 . 00 3 0 . 00 o . oo 88 . 6 6 1 03 . 6 2 
94 . 00 1 2 . 00 0 . 00 1 7 6 . 88 1 8 3 . 08 
9 0 . 00 20 . 00 o . o o 151 . 15 1 5 9 . 6 8 
85 . 00 30 . 00 0 . 00 1 1 8 . 9 8 1 30 . 4 3 
7 9 . 00 1 2 . 00 1 0 . 0 0  2 .i; . 7 6  6 0 . 2 0 
7 5 . 00 2 0 . 00 1 0 . 00 18 . 04 4 6 . 4 8 
9 4 . 00 1 2 . 00 1 0 . 00 53 . 01 1 07 . 36 
90 . 00 2 0 . 0 0 1 0 . 0 0  4 5 . 3 0 9 3 . 6 4  
8 5 . 00 30 , 00 10 . 0 0 35 . 66 7 6 . 4 9  
7 9 . 00 1 2 . 00 2 0 . 00  16 . 9 1  5 3 . 18  
7 5 . 00 2 0 . 00 2 0 . 00  11 . 84 4 1 . 0 6  
94 . 00 1 2 . 00 2 0 . 00 34 . 7 9 94 . 85 
9 0 . 00  2 0 . 00  2 0 . 00 2 9 . 7 3 82 . 7 2  
8 5 . 00 3 0 . 0 0 2 0 . 00  2 3 . 40 67 . 5 7 
1 .  Q /Ac 
i s  total coo l ing for 2 4  hr . per iod in BTU ' s .  
2 .  Q/Ac 
is total  coo l ing for 24 hr . per iod in BTU ' s .  
3 .  Internal temperature 7 5 ° F .  
TABLE 1 3  
Summary of Summer Cooling Calculat ion - Daily Load 
BTU ' s p er day is  the sum of the following component s :  
1 .  Wall gains : [Ex ter ior wall J area surround ing cond i t ioned space , exclud ing windows . (0 . 9 3 9 4  + 0 . 1 38 Iw) • fu2 . 6 7 * ( t  - t i ) 2 . 85 + lw \ - 0 . 9 6 3 8  * t r + 3 6 2 . 1) 
2 .  Ceiling gains (assume p i t ched roo f ) : 
[Ceil ing] 
• Ar ea 
�(0 . 3 7 6 9  + 0 . 0 0 6 3 6  • le) 
2 . 0 9 7  + 0 . 6 0 8  • I c 
(2 2 . 6 6 * ( t  - t i) 
- 1 . 0 32 * t r + 3 5 5 . 6 ) + 
, , - , ,, . 24 } 
(0 . 1 7 3 8 9  + 0 . 002 9 3  · le) 
2 . 0 9 7 + 0 . 6 0 8  · I c 
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TABLE 1 3 , cont . 
3 .  Window gains (assuming storms removed o n  windows ) :  
4 . 
5 .  
(Aws + Awn + Asdn) 
+ Asds  
( 0 . 8 t 
( 0 . 6 t  
Int ernal load ( sensible ) : 
3 0 )  
1 8 )  
2 4  
2 4  
( 1 200 + 2 2 5  (number o f  o c cupant s ) ) • 2 4  
Inf iltra t ion gains : 
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24 . 0 . 01 8  . v . ( t  - t i ) • [ 0 . 2 5 + 0 . 0 2 1 6 5 ( 7 . 5 ) + 0 . 0083 3 ( t  - t i ) ] 
The sum of 1- 5 is increased by 2 5 %  to ac count for latent heat load 
(d ehumid ification)  (ASHRAE , 1 9 7 7 , 2 5 . 4 1 ) . 
Notation : 
t 
t r 
I w 
I c 
v 
A + WS 
mean temperature ( ° F) . 
temperature range ( °F) . 
R-value of wal l  insulat ion 
R-value of c e il ing insulat ion . 
Volume of cond i t ioned spac e .  
Awn + Asds + Asdn : total area o f  windows and s l id ing glass doors . 
TABLE 14  
Summary of Summer Cool ing Calculat ion - Des ign Capac ity 
BTU ' s p er hour at des ign cond i t ions is  the sum o f  the following c omponent s :  
1 .  Wall gains : �xterior wall 1· 
area surround ing 
cond it ioned space , 
excluding window s .  
f 0 .  9 3 9 4  + 0 . 1 3 8  I � 
\ 2 . 85 + I
w 
w} • (o . 319  tr + 1 . 0050  li te + 2 6 . 2 7) 
2 .  Ceil ing gains (assumed p i t c hed· roo f ) : ['"'''"'] 
- �
0 . 3 7 6 9  + 0 . 006 3 6 . '
"
) . 
Ar ea 
2 . 09 7  + 0 . 6 0 8  • I c 
� . 28 2 0  t r 
) (0 . 1 7 389  + 0 . 002 9 3  · I )  
+ 0 . 9 9 5 8  lit + 25 . 35 + 
c 
• e 
2 . 09 7  + 0 . 6 0 8  • I c 
3 .  W indow gains ( a s suming s torms r emoved o n  windows ) :  
(A
ws 
+ A
wn 
+ Asdn) 
+ Asd s 
( 0 . 8 t e - 3 0 )  
( 0 . 6 t e - 1 8 )  
4 .  Int ernal l o a d  ( sensible ) :  
( 1 200  + 2 2 5  (number o f  occupant s ) ) .  
., .} 
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TABLE 14 , c ont . 
5 .  Inf iltrat ion gains : 
0 . 01 8 • V • 6t e 
• � . 2 5 + 0 . 0216 5 ( 7 . 5 ) + 0 . 00833  ( 6t
e
� 
The sum o f  1- 5 is increased by 2 5 %  to ac count for  latent hea t  load 
(dehumid i f i c a t ion) (ASHRAE , 1 9 7 7 , 25 . 41 ) . 
Notat ion : 
6t e = t e - t i 
where 
t e • summer d e s ign max imum temperature ( °F) . 
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TABLE 15 
Hot  Wa t e r S y s t e m  P i pe T r a n s m i s s i o n L o s s e s  
A s s ume 2 1 / 2 "  b l a ck i r on p i pe wi t h  ou t s i d e  d iame t e r o f  2 . 88 " ,  2 "  i n s u l a t i on wi t h  a n  
R - va l u e  o f  6 ,  d e l i ve r y  t e m pe r a t u r e  1 2 0 ° ,  r e t u r n  tempe r a t u r e  80 ° ,  ba s eme n t  
t e:: p e r a t u r e  4 0 ° .  
The f o rm u l a  f o r  l o s s  i s  
B t uh • 
w i t h  t w 
t b 
r o  
r s 
I 
Rs 
L 
De l i v e ry l o s s : 
B t uh 
Re t u rn l o s s : 
B t u h  "" 
( t w - t b ) ( 2 11  r sL )  
r 
r s ( tn i::-- ) I + R s 
wa t e r  t em p e r a t u r e  
ba s e m e n t  t empe r a t u r e  
o u t s i d e  r a d i u s  o f  p i pe ( f t )  • 1 . 4 4 / 1 2  
ou t s i d e  r a d i u s  o f  p i pe + i n s u l a t i o n  ( f t ) • 3 . 4 4 / 1 2  
R-va l u e  o f  i n s u l a t i o n  ( pe r  f t . )  = 3 6  
s u r f a c e  r e s i s tan c e  w 0 . 6 
l e ng t h  o f  p i pe 
80 ( 2 11 • 0 . 2 8 7 • L / 2 ) 
3 . 4 4 
0 . 2 8 7 • !n (--) • 36 + 0 . 6  
1 . 4 4 
40 ( 2 11 • 0 . 2 8 7 • L /2 ) 
3 . 4 4 
0 . 2 8 7 • 1n c --) · 36 + 0 . 6 
1 . 4 4 
7 . 5 2 L  
3 . 7 6L 
To t a l  los s : B t uh . • l l . 2 8L 
S o u r c e : ASHRAE ( 1 9 7 7 ) 2 2 . 7 - 2 2 . 9 , 2 2 . 2 6 ( T a b l e  1 1 ) ,  2 2 . 2 7 (Ta ble 1 5 ) .  
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TABLE 1 6  
Hea t i ng Duc t Transmi s s ion Los s e s  
As s ume 6 0 0  f pm ve l oc i t y ,  4" x 1 0 "  duc t s ,  2 "  i n s u la t i on w i t h  R-va lue of 6 ,  ave rage 
air  tempe r a t u r e  in de l i ve r y  duct 1 2 0 " , bas emen t  tempe ra t ur e  4 0 " , 
The f o rmula f o r  l o s s  i s  
B t uh • P L  ( td - t b ) /I 
whe re p . per ime t e r  ( f t ) 
L . length ( f t )  
t d 
. ave rage d u c t  t empe rat ure c •r )  
t b 
. bas ement t empe r a t ure ( ° F )  
I . R-va lue of insula t io n  
As s um i n g  8 0 %  o f  d u c t i ng i s  for  d e l i v ery a nd n e g l e c t i ng r e t urn heat  l os s ,  t he t o t a l  
l o s s  i s  
B t uh • ( 2 . 3 3 ) ( . 8 )  L (80 ) /6 • 2 4 . 9L 
Source : AS HRAE ( 1 9 7 7 ) ,  Cha p .  3 0 .  
8 7 
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TABLE 1 7  
C h a r a c t e ri s t i c s  o f  Typi c a l  Dwe l l i ng s  
V a r i a b l e  Dwe l l i n& 
2 ·  3 4 5 6 1 
-- --
F l o o r s  l 2 1 l 2 l 2 
Rooms 5 9 4 5 9 9 8 
B a t h s  l 2 1 l 3 3 2 . 5  
B e d r ooms 3 7 2 3 4 4 4 
Sq . f t . 7 6 8  1 4 04 5 7 6  1 02 4  3 1 2 8 2 5 5 2  1 8 4 8  
Sq . f t . 3 1 5  2 7 5  1 53 2 2 7  2 7 1  4 3 3  2 9 3  
l a r ge s t  room 
C e i l i ng area 7 6 8  8 6 4  5 7 6  1 02 4  1 88 8  2 5 5 2  9 2 4  
R o o f  a r e a  8 1 0  1 2 2 2 6 0 7  1 1 0 9  1 9 9 0  2 5 5 2  9 7 4 
A t t i c  wa l l  a r e a  9 6  8 1  9 6  0 1 7 1  0 0 
W a l l a r e a  8 5 1 1 3 9 6  7 3 6  9 3 1 2 4 7 2 1 5 3 2  1 5 5 2  
e x c l .  window 
Numbe r p i c t u re 0 0 0 0 6 0 l 
wi n d ow 
S . F .  p i c t u r e  0 0 0 0 2 4 8  0 2 4  
wi ndow 
Numbe r s l i d i n g  0 0 0 0 6 2 2 
g l a s s d o o r s  
S . F .  s l i d i n g  0 0 0 0 3 0 8 1 4 0 7 7  
g l as s  d o o r s  
Numbe r o t h e r  1 0  1 6  8 1 1  7 1 3  2 0  
wi ndow 
S . F .  o t h e r 4 5  6 0  3 2  9 4  6 6  1 2 8  3 1 4 
window s  
V o lume 6 1 44 1 06 5 6  4608 8 1 9 2 2 7 2 3 2  2 2 4 9 1  1 52 4 6  
H o t  a i r  s y s t e m :  
r e g i s t e r s  1 1  1 5  9 9 2 1  2 0  2 0  
f t .  d u c t  9 2  1 1 4 8 1  1 0 4  2 9 2  2 5 1  2 2 6  
H o t  wa t e r  s y s t e m :  
r ad i a t o r  6 1 0  5 5 1 2  1 4  1 4  
f t .  pipe 1 60 2 3 0  1 2 8 1 44 564  5 30 344  
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Re r e s s i o n  of  Lo S uare F e e t  er  Room 
( f o r  r o oms o t h e r  t ha n  t he l a r ge s t  f o r  N I EC S  hou s e h o l d s  
I n d eEende n t  Var i a b l e  Regi o n l Regi o n  2 Regi on 3 �i on 4 
Ba t hs . 1 4 9  . 1 1 8 . 1 84 . 1 2 4  
( . 0 7 1 )  ( . 04 5 )  ( . 04 3 )  ( . 0 5 3 ) 
Floors  . 0 1 1 . 0 5 5  . 06 7  . 1 3 1  
( . 062 ) ( . 0 3 7 ) ( . 04 8 ) ( . 0 5 2 ) 
I n come ( 0 0 0 ) . 00 3 9  . 00 3 9  . 00 3 6  . 00 3 2  
( . 00 3 3 )  ( . 00 1 9 )  ( . 00 2 0 )  ( . 00 2 1 )  
Year  bu i l t  . 00 2 0  . 0 0 2 6  . 0 0 0 2  . 0 0 3 7  
( 3 0 to  7 8 )  ( . 00 2 4 ) ( . 00 1 4 )  ( . 00 1 5 )  ( . 00 1 8 )  
Dummy for L-s h a p e d  - . 0 8 1 - . 00 2  - . 1 5  - . 0 7 
l ar ge s t  room ( . 1 4 3 )  ( . 0 8 5 ) ( . 0 7 )  ( . 0 7 ) 
No . d o o r s  - . 0 0 1  . 0 3 2  . 0 2 9  . 0 1 9  
( . 0 36 ) ( . 0 2 7 ) ( . 0 2 2 ) ( . 0 2 5 )  
No . wi ndows . 00 4 3 . 00 5 8  . 00 2 5  . 00 6 0  
( . 00 5 7 ) ( . 00 3 3 ) ( . 0 04 1 )  ( . 00 3 6 ) 
Log No . R.ooms - . 3 7 7  - . 3 1 7  - . 5 9 2  - . 5 7 7  
( . 1 7 1 )  ( . 1 0 3 ) ( . 1 0 1 ) ( . 1 1 2 )  
Hea t i ng De gree Da y s  . 0 7 8  - . 0 1 1  - . 05 9  . 0 1 0  
( 000 ) ( . Oll 2 ) ( . 03 8 ) ( . 060 ) ( . 0 1 8 )  
Coo l i ng Degree Day s - . 1 34 . 2 4 7  - . 03 5  - . 0 5 6  
( 000 ) ( . 2 9 1 ) ( . 1 0 9 )  ( . 09 8 )  ( . 06 9 ) 
V a l u e  of hou s e . 00 1 5 . 0 0 2 0  . 00 1 6  . 0 0 1 8  
( 000 ) ( . 0 0 1 2 )  ( . 000 5 )  ( . 0009 ) ( . 0008 ) 
S l'ISA d wmay . 0 3 4  - . 4 6 - . 1 6  - . 04 
( . 0 7 4 ) ( . 4 9 ) ( . O S )  ( . 0 8 )  
Urban a re a  d ummy - . 0 9 1  . 1 9 . 07 8  - . 02 7 
( . 068 ) ( . 49 ) . 04 2  ( . 08 0 )  
Cons t ant 5 . 30 4 . 8 8 6 . 0 6  5 . 6 8  
( . 7 0 )  ( . 3 5 )  ( . 4 4 )  ( . 2 5 )  
R2 . 1 6  . 1 7  . 1 7 . 2 2  
No . obs e rvat ions 2 30 4 9 4  4 3 2  2 5 3  
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TABLE 19 
Selec t ed Charac teris t i c s  o f  NIECS / PNW Househo lds 
Kl!CS •ean Typi cal Bouae PNW mean 
Variable { e e t ima t ed ) me an �e s t ima t e d )  
Floor a 1 . 4 2  1 .4 3  1 .  2 9  
llOOlll& 6 . 06 7 . 00 5 . 9 7 
Baths 1 . 4 9  1 . 9 3  1 . 1 7 
Squa re fee t 1 57 2  { 1 5 3 3 ) 1  1 6 1 4  1 5 1 3  
Volume 1 1 400 1 3 5 1 0  1 1 9 3 0  
No . windows 1 3 . 0  1 4 . 6  1 0 . 4 3 
Wi ndow area { 1 7 9 . 4 )  2 1 9 . 4 (246 . 9 )  
Wall area exc . windows { 1 506 ) 1 35 3  ( 1 34 1 ) 
Cei l i ng area " ( 1 1 7 5 )  1228 ( 1 2 9 2 )  
F e e t  duc t  { 1 5 1 . 0 )  1 6 6  (156 . 1) 
Fee t pipe (265 . 6 )  300 ( 2 7 3 . 9 )  
Space hea t  cap . net o f  
d i s t r i bu t i o n  l oa a e a , KBH (45 . 5 )  - ( 4 6 .  7 ) 
Cent ral AC capacity , KB H  ( 34 . 7 1 )  -- ( 28 .  6 )  
Propo r t i on wi t h  a t t i c  insu l .  81 . 9% -- 81 . 0% 
Average R-value a t t ic ( 1 7 . 4 1 )  - ( 2 0 . 2 8 )  
Average R-value wal l  ( 7 .  0 3 )  - ( 8 . 93)  
l eorre lat ion . 94 between . observed and e s t i  .. ted . 
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TABLE 2 0  ----
Ener gy Usage Characteri stic s o f  NIEC S / PNW Dwel l ings 
NIE C S  PNW 
Mean SD Mean SD 
Coe f f i cient •  of Perforaance 
Gas . 6 4 . 0 8 . 7 0 . O S 
01 1  . S 7  . 0 7 . 6 2  . O S 
Heat Pump 2 . 3  2 . 4  3 . 2  2 . 7 
Air Condi tione r  4 . 0 3 . 1 
Energy Cooaump t ionl 
9 9 4 20 S l 80 0  Electric rea i 1 t ence 1 3 0 8 0 0  6 0 6 1 0  
Ga s  1 S l 30 0  7 1 3 1 0  1 8 6 7 00 8 7 0 7 0  
Oi l 1 7 1 6 0 0  8 0 8 0 0  2 1 1 6 0 0  9 8 7 0 0  
Heat PUlllp S 4 6 6 0  3 2 800 4 7 9 60 2 7 3 9 0  
Ai r  Condit ioner 6 9 7 6  5 7 8 0  1 2 0 0  1 2 3 4  
Energy Price of Comf ort2 
Electric  re1 i 1 tence 4 7 2 6  2 1 2 0  5 3 S l  2 6 1 4  
Gas 7 4 4 6  34 S S  7 7 2 3  3 9 7 8  
OU 8 4 4 7  3 9 2 2  8 7 S 3  4 S ll 
Heat Pump 2 S 2 3  1 2 4 9  1 9 1 8  1 0 4 6  
Air Condit ioner 6 8 4  5 4 0  1 5 S  1 3 0  
l 1n l03 Btu , net of d i s t ribut ion loaaee . 
2 1n l03 Jtu per degree tber-.01tat aet t ing,  @e t of dis t r ibution loe 1e1 . 
TABLE 2 1  
4 
Sens i tivi ty of HVAC Sys t em  t o  The r11&l Charact erh t i ca ( NIECS )  
Observed 
0-lliy 
Ai r  Condi t ioning 
capaci t yl 3 4 . 08 
e nergy consump t ion (000 Btu) 6883 . 
Ele c t r i c  R.e s i s t e n ce Hea t  
capa ci ty2 4 7 . 60 
ene rgy cona ump t ion3 1 0 7 5 0 0  
Gas Forced Ai r  
capaci t y l 5 1 . 86 
ene rgy cone ump tion3 160400 
01 1 Forced Ai r  
capaci t yl 5 1 . 86 
e ne r gy  cone 11111p t i on3 181190  
Heat Pump 
capac i t yl 5 1 . 86 
ene rgy coneump t ion3 5 7 7 1 0  
l eap a c i t y  for f o rced a i r  central ayatea in KBH . 
2 capac1 ty of non-ce n t ral baseboard aya tea i n  MBH . 
ASHRAE 
Uni na ulate d 90-75 
l>velliD.& Standard s 
5 7 , 56 2 3 . 53 
10060 5 5 9 0 . 
85 . 02 2 9 . 63 
1 9 5 2 00 8 6 9 2 0  
8 9 . 2 8 33 . 89 
2 8 7 000 128300 
8 9 . 2 8 3 3 . 8 9 
3 2 5400 145500 
8 9 . 2 8 3 3 . 8 9  
104 600 4 6 5 60 
3 1.nnual energy conauapt ion in 1 03 Btu , incl ud ing d i s t r i bu t i o n  loa a e s . 
4uouses built  po s t  1 9 7 0 . 
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Area A3 
Res i s t ence R3 
Area � 
Res i l tence R2 
'///////////� 
' � � 
� 
- Interior � ' 
� 
' t emperature � 
' 
� I� � ' ' � ' ' � ' ' Area A4 , Res is tence R4 � ' 
' / / / / / / / / / / / / / / / / / / /  
ground t emp era ture t 
g 
Area A1 
Res is tenc 
Fi gure 1 :  Schematic o f  Thermal Propert i e s  o f  Bu i ld ing She l l  
9 3  
e R1 
� 
A,•l 
Ti � 1 � 
A3•1 I T2 A4•l 
Ra 
Aa• l 
Ti •s T �. 
's•l J Tj A6•1 
FIGURE 2 :  Circuit Equivalent of Thermal Equilibrium 
T1 , T1 , T2 ,T3 , Ti , Ti ,T3 teaperature. 
a1,�,  • • •  , a8 reaiatencea . 
'i ·� , . . .  •'a areu . 
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FOO'INOTE 
1 .  Th i a  paper r ev i se s  a nd e xt ends a n  e a rl i er dr a f t  ent i tl ed,  HA 
Thermal Mod e l  for S i ngl e-Fam ily Owne r-Oc cup i ed De t a ch e d  Dw e l l ings , " in 
th o N a t i ona l Int eri• Ene r gy Consumpt i on Surv ey , • M . I . T. Ene r gy 
Labo r a tory Di scus s i on paper No. 25 , MIT- EL 8 2-040 WP, Re se arch w a s  
suppo r t e d  i n  pa rt by NSF G rant N o .  8 0 -16043 -DAR, Depa rtm ent of Ene r gy 
under Cont r a c t  N o .  EX-76-A-01-2295 , Ta sk Orde r 6 7 , and t h o  
Env i roJ1111 ont a l  Qua l i ty Labor a tory of th o Ca l i f orni a Ins t i tut e o f  
Te chno l ogy .  lo v i 1h to a c know l edge a sub s t a nt i al cont r i but i on t o  th i s  
r e se a r ch by Te11 Cow ing, who prov i d e d  w e a th e r  and l oc a t i on da ta f or 
N IECS hous eh o l d s  a nd t o  J ean Rimpo who prov i de d  a s s i s t a nce w i th th e 
Pa c i f i c North• e s t  Pa ta . 
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